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SUMMARY 
Methane (CH4) is a potent greenhouse gas with 25 times the warming potential of 
carbon dioxide (CO2) on a per mol basis. Marine oxygen minimum zones (OMZs) are 
enriched in CH4 compared to oxygenated water columns and are predicted to expand 
under global warming. OMZs are also key sites for microbially-mediated nitrogen (N) 
loss, which has been shown in other systems to be linked to CH4 consumption.  Diverse 
groups of microorganisms mediate the global cycling of both CH4 and N.   Microbial 
genes encoding the enzyme used in CH4 oxidation, particulate methane monooxygenase 
(pmo), have previously been detected in OMZs. However, the genomic diversity and 
ecological importance of the OMZ CH4-cycling community are unclear, as is the 
mechanism by which CH4 consumption is carried out by these microbes. This thesis uses 
a combination of metagenomics, metatranscriptomics, and biogeochemical measurements 
to explore the activity and diversity of methanotrophic microbes in OMZs. OMZs were 
found to harbor at least two metabolic strategies for CH4 consumption. First, we found 
evidence that bacteria belonging to the recently discovered NC10 phylum are present and 
transcriptionally active at the functionally anoxic core of the OMZ.  NC10 bacteria link 
anaerobic CH4 oxidation to nitrite (NO2-)-driven denitrification through a unique O2-
producing intra-aerobic methanotrophy pathway. rRNA and mRNA transcripts assignable 
to NC10 peaked within the OMZ and included genes mediating this unique 
methanotrophic pathway. Second, metagenomic binning uncovered a separate and 
distinct methanotrophic strategy that is present and active within and just below the 
oxycline. In this strategy, gammaproteobacteria, designated phylogenetically as 
belonging to the OPU3 clade, were found to carry and express genes for methanotrophy 
 xv 
and partial denitrification, thereby supporting respiration under low O2 concentrations 
and allowing for available O2 to be used directly for CH4 oxidation. These findings 
confirm OMZs as a niche for diverse and previously overlooked forms of denitrification-
linked methanotrophy.  Further characterization of these niches and the environmental 
constraints on OMZ CH4 consumption is critical for predicting the effects of OMZ 









Methane (CH4) is a potent greenhouse gas with 25 times more warming potential than 
carbon dioxide (CO2) on a per-mol basis.  Since the industrial revolution, atmospheric 
concentrations of CH4 have increased from ~600 ppb to ~1300 ppb since the industrial 
revolution (Kirschke et al., 2013; Stocker et al., 2013).  Microbes are critical components 
of the global CH4 cycle as crucial drivers of CH4 production (Cicerone et al., 1988) and 
consumption.  Microbial CH4 destruction is second only to tropospheric oxidation with 
hydroxyl radicals as a route for CH4 removal (Fischer et al., 2011; Kirschke et al., 2013), 
making microbially-mediated CH4 an important mechanism for CH4 loss.  The oceans 
contribute roughly 10% of natural atmospheric CH4.  The marine CH4 cycle is governed 
by microbial CH4 creation (methanogenesis) and methane consumption (methanotrophy).  
Pelagic marine CH4 cycling has been vastly understudied as most oceanic research has 
focused on hydrothermal vents, hydrate systems, and sediments (Reeburgh, 2007; 
Valentine, 2010). Oxygen-depleted pelagic regions, known as oxygen minimum zones 
(OMZs), contain elevated concentrations of CH4 and oxidized nitrogen compounds 
compared to oxygenated pelagic zones (Sansone et al., 2001; Navqi et al., 2010). 
Functionally anoxic OMZs are key sites for linking dissimilatory nitrogen (N) loss to 
other chemical cycles through microbial metabolisms (Codsipoti et al., 2001; Thamdrup, 
2012).  Cultures of non-OMZ microbes have been shown to use denitrification pathways 
to facilitate methanotrophy when oxygen (O2) is either limiting or absent (Raghoebarsing 
et al., 2006; Ettiwg et al., 2010; Kits et al., 2015).  It is unclear if OMZ microbes contain 
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the metabolic potential to carry out these coupled N-CH4 reactions, as genomic 
information from OMZs is sparse. The co-occurrence of CH4 and oxidized N compounds 
in OMZs suggest a pelagic niche for methanotrophs conducting reductive N 
transformations.  This thesis utilizes metagenomic, transcriptomic, and biogeochemical 
measurements to characterize the microbial abundance and activity in OMZs that 
participate in CH4 oxidation and N loss.  
 
1.1 Microbial methane metabolisms  
1.1.1 Methanogenesis 
CH4 sources can be partitioned into three categories: thermogenic, pyrogenic, and 
biogenic (Cicerone et al. 1988; Bousquet et al., 2006; Kirschke et al., 2013).  All three 
processes for CH4 production involve natural and anthropogenic components.  
Thermogenic CH4 is derived from geological processes, which take millions of years, 
where organic matter in deep sediments (>1,000 m below sea) is converted to 
hydrocarbon gas through high pressure and temperature.  In this route, CH4 is released 
through natural venting from seeps and mud volcanoes, or through burning coal, oil, and 
natural gas energy sources.  Pyrogenic production involves the burning of biomass in 
forest fires (Cicerone et al. 1988; Bousquet et al., 2006).  Biogenic sources are primarily 
made up of CH4 -generating microbes known as methanogens (Liu, 2010), and contribute 
~70% of the global production of CH4 annually based on isotopic composition (Bousquet 
et al., 2006; Kirschke et al., 2013).  The focus of the CH4 production discussion will be 
on the biogenic process as it is a key source of CH4 in natural environments.   
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Methanogenesis is the last step in organic matter remineralization.  This anaerobic 
process follows two main biochemical pathways that require either hydrogen (H2) for 
CO2 reduction or acetate for acetate fermentation.  These reactions produce low energy 
yields and generally require the absence of more favorable electron acceptors such as O2, 
nitrate (NO3-), manganese IV (MnIV), iron III (FeIII), or sulfate (SO42-) (Thauer et al., 
1977).  To date, microbes implicated in the anaerobic production of CH4 fall exclusively 
in the domain Archaea.  Originally, methanogens were thought to fall within the Phylum 
of Euryarchaeota (Liu, 2010; Luo et al., 2009), however, recent metagenomic assemblies 
from aquifers recovered a Bathyarchaeota encoding the methanogenesis pathway (Evans 
et al., 2015). This finding suggests that methanogensis is contained in much wider array 
of microbes and that full extent of microbial diversity participating in methanogenesis is 
not fully characterized. 
Methanogens are found in a wide range of anaerobic habitats such as wetlands, 
meromictic lakes, tundra soils, rice paddies, and the guts of ruminants and termites 
(Thauer et al., 2008).  Increased agricultural practices such as rice farming and livestock 
production have been a growing niche for methanogens. Such anthropogenic practices 
have been a key component in increased atmospheric CH4 concentrations (Kirschke et al., 
2013).  A recent concern for methanogenic derived-CH4 release is from thawing tundra 
soils.  As global temperatures increase, the permafrost on tundra melts and releases a 
flood of CH4 to the atmosphere which creates a positive feedback loop where warming 
causes the release of more potent greenhouse gases (Zimov et al., 2006). 
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Microbial methane production has long been viewed as a strictly anaerobic process. 
However, an indirect pathway for aerobic methane generation in oceanic systems was 
proposed (Karl et al., 2008) and has been confirmed (Repeta et al, 2016; Carini et al., 
2014).  This pathway involves the breakdown of methylated organic phosphorus 
compounds in phosphate depleted oceanic systems. This process will be further described 
in section 1.2. This, again, points to the incomplete picture we currently have on methane 
related biochemical pathways and how they are distributed across the tree of life.   
 
1.1.2 Methanotrophy 
CH4 consumption involves abiotic and biotic processes.  CH4 sinks predominantly 
consist of chemical reactions with hydroxyl, atomic oxygen, and chlorine radicals in the 
atmosphere.  CH4-consuming microbes (methanotrophs) account for ~4% of the CH4 loss 
annually (Kirschke et al., 2013; Curry, 2007; Zhuang et al, 2004; Cicerone, 1988).  In 
some environments, such as aerobic interfaces overlying anoxic environments, 
methanotrophy plays an important role in mediating the net flux of CH4 to the atmosphere 
from soils and sediments (De Visschet et al., 2007; Reeburgh, 2007; Conrad, 2009).  
Canonical methanotrophy is considered to be an aerobic process where O2 is used as an 
electron acceptor for the oxidation of CH4 to CO2.  However, in the past two decades, a 
biological mechanism for anaerobic oxidation of methane (AOM) has been discovered in 
microbial enrichments using SO42- combined with a reversal of the methanogensis 
pathway (Boutieus et al., 2000).  More recently, AOM has been linked to the oxidized N 
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compounds NO3- (Raghoebarsing et al., 2006; Haroon et al., 2013) and NO2- (Ettwig et 
al., 2010). These AOM processes are further discussed in section 1.1.3.  CH4 consuming 
microbes are incredibly diverse and prosper in a wide range of environments (Kneif, 
2015).  Current methanotrophic diversity is spread across several Classes of bacteria, 
including Alphaproteobacteria, Gammaproteobacteria, Verrucomicrobia, and recently the 
proposed phylum NC10 (Bowman, 2006; Kneif, 2015).  Two Classes of Archaea known 
as ANaerobic MEthanotrophs (ANME) carry out the AOM process (Knittle and Boetius, 
2009)  
Aerobic methanotrophic bacteria are typically found near anoxic and oxic 
interfaces where O2 is available for rapid oxidation of CH4 escaping the anoxic systems 
(Reeburgh, 2007; Kneif, 2015).  This includes terrestrial sediments, lakes, and marine 
environments (Bowman, 2014).  The current classification system for aerobic 
methanotrophs is primarily based on carbon (C) fixation pathways; Type I use the 
ribulose monophosphate pathway (RuMP), consisting of gammaproteobacteria, and Type 
II use the serine cycle, primarily made up of alphaproteobacteria. Additional differences 
between Type I and II methanotrophs include the length of fatty acids produced and the 
arrangement of internal membranes (Hanson and Hanson, 1996; Trotsenko and Murrell, 
2008).  Phylogenetic analysis of the alpha subunit of the particulate methane 
monooxygenase enzyme (pmoA) and of the 16S rRNA gene supports the evolutionary 
divergence between Type I and II methanotrophs (Kneif, 2015). However, there are 
deviations from this categorization, notably regarding to placement of the 
Verrucomicrobia (Type III or Type X); the efficacy of this classification scheme 
therefore has been questioned (Op den Camp et al., 2009; Semrau et al., 2010).  Recent 
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advances in metagenomic and single cell DNA sequencing demonstrate methanotrophy 
occurs in a wider range of organisms than previously thought. These results suggest that 
CH4 consumption could be distributed more broadly across the tree of life. Moreover, 
biochemical pathways involved in methanotrophy have not been comprehensively 
described. Methanotrophic metabolisms and diversity under O2 limiting conditions is an 
area that remains poorly characterized.  
 
1.1.3 Anoxic and Hypoxic methane oxidation 
The hypothesis that methanotrophs could use other oxidized substrates, such as 
SO42-, NO3-, NO2-, and oxidized metals, as terminal electron acceptors in place of O2 was 
proposed decades ago.  Thermodynamic calculations supported AOM hypotheses despite 
the lack of clear biological mechanisms for the reactions (Feely and Kulp, 1957; Davis 
and Yarbrough, 1966; Reeburgh, 2007).  Geochemical data in aquatic sediments further 
supported this hypothesis as steep declines in CH4 concentrations are observed under 
functionally anoxic conditions; suggesting AOM as a CH4 sink preventing CH4 escaping 
sediments (Reeburgh, 1976; Reeburgh, 1980; Reeburgh, 2007; Valentine 2010).  
However, recent biological mechanisms for SO42-, NO3-, and NO2- dependent AOM have 
been described, intimating that the full extend of biochemical pathways for methane 
consumption have not been reported (Boetius et al., 2000; Raghoebarsing et al, 2006; 
Ettwig et al. 2010; Haroon et al., 2013).  These AOM processes are recognized as 
environmentally important, but the extent of which AOM is distributed in the 
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environment and across microbial taxa is still not well understood. Furthermore, it 
remains possible that other undiscovered metabolic processes may contribute to AOM.  
The first described AOM metabolism was sulfate dependent anaerobic methane 
oxidation (S-DAMO), which is carried out by a microbial consortium.  In this symbiosis, 
sulfate-reducing bacteria (SRB) and archaeal anaerobic methanotrophs (ANME), where 
ANME archaeal cells shuttle electrons generated from reverse methanogenesis to SRB. 
SRB use the elections to reduce SO42- to hydrogen sulfide (H2S) (Knittel and Boetius, 
2009). This process can play an important role in structuring co-occurring microbial 
communities.  For example, S-DAMO-derived H2S in marine sediments can support 
microbial communities and populations of chemosynthetic symbiotic organisms in 
oceanic sediments (Reeburgh, 2007; Valentine 2010).  Additionally, there are other 
oxidized compounds that provide thermodynamically favorable redox reactions including 
oxidized N. NO3- and NO2- are two components have also been long proposed to 
facilitate AOM.  
Microbes using nitrogen-dependent anaerobic methane oxidation (N-DAMO) 
were initially characterized in enrichments seeded from wastewater treatment sludge 
(Raghoebarsing et al, 2006). Subsequently, pure cultures of N-DAMO microbes have 
been isolated (Ettwig et al., 2010; Haroon et al., 2013).  NO3- driven N-DAMO operates 
similarly to S-DAMO where microbes couple reverse methanogenesis with NO3- 
reduction as an electron acceptor.  The ANME implicated in NO3- - N-DAMO is 
Methanoperedens nitroreducens. This ANME is phylogenetically related to the S-DAMO 
AMNE archaea, its genome contains the genes encoding nitrate reductase (nar) thereby 
removing the need to a symbiotic electron sink (Haroon et al., 2013).  
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Bacteria of the candidate phylum NC10 perform NO2- driven N-DAMO. NC10 
are distinct from the ANME-based processes in two fundamental ways. First, NC10 are 
not archaea and second, reverse methanogenesis is not the mechanism by which CH4 is 
oxidized (Ettwig et al., 2010). NC10 reduce NO2- to nitric oxide (NO). Next, NC10 
reportedly use a unique form of the quniol-based nitric oxide reductase (qNor) to 
facilitate a dismutation reaction with two NO molecules, producing intracellular N2 and 
O2 (Ettwig et al, 2010; Ettwig et al., 2012).  At this point, NC10 bacteria use the aerobic 
methanotroph pathway involving the enzyme pmo to oxidize CH4 using the NO derived 
O2 as the electron acceptor (Ettwig et al, 2010).  
Additionally, bacterial groups canonically associated with aerobic methanotrophy 
play a role in N loss through the use of NO3- or NO2- as terminal oxidants to support 
respiration demands when O2 is limited.  This allows any available O2 to oxidize CH4 by 
pmo.  Studies with isolates of two Methylococcales genera, Methylomonas and 
Methylomicrobium, demonstrate that hypoxic conditions stimulate partial denitrification 
to produce nitrous oxide (N2O) accompanied by increased energy production (Kits et al., 
2015a, b). Thus, low O2-adapted methanotrophs may act as both a source of N2O and a 
sink for CH4, depending on O2 availability. 
 
1.2 Oceanic methane cycling 
The majority of the marine water column is at saturation with respect to atmospheric 
CH4 concentrations (Reeburgh, 2007; Valentine, 2011).  The marine CH4 cycle is 
governed by the microbial production and consumption of CH4.  Most of the CH4 is 
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generated in sediments by methanogensis, dissolving CH4 hydrates, or through volcanic 
activity. CH4 is oxidized in sediment by AOM processes or aerobically by the well-
oxygenated water column (Reeburgh, 2007; Valentine, 2011).  However, there are areas 
of the ocean where CH4 does accumulate to super-saturated levels in the water column.  
These regions include the CH4 maxima occurring in the pycnocline (Karl et al., 2008) and 
OMZs (Sansone et al., 2001; 2004; Pack et al., 2015).  Information regarding the 
distribution and cycling of pelagic CH4 is relatively scarce since the key focus of marine 
CH4 has historically focused on gas hydrates, cold seeps, and sediments. 
Methanogenesis is a crucial source of marine CH4.  Current estimates suggest that 
methanogensis produces between 0.7 – 1.4 Tg of CH4 annually in marine sediments 
(Reeburgh, 2007; Valentine, 2011).  This reaction has been observed globally in marine 
sediments (Reeburgh, 2007; Valentine, 2011).  Small quantities of sediment-derived CH4 
escapes the sediments. Observations implicate S-DAMO as an integral CH4 sink 
mediating ebullition into the water column (Reeburgh, 2007). The overlaying water 
column acts as an oxidative net preventing CH4 from reaching the atmosphere. While 
most of the oceans contain ~4 nM CH4, which is equal to atmospheric saturation, there 
are regions of the oceans where CH4 can reach concentrations exceeding 10 µM 
(Reeburgh, 2007). One such region is a mid-water CH4 maxima, containing 5-8 nM CH4, 
at the pycnocline in the large oceanographic gyres.  It was long thought that 
methanogenesis in sinking particles was the source of this mid-water CH4 (Karl and 
Tillbrook, 1994). Recently, it was found that in phosphate-limited oligotrophic gyres 
bacteria catabolize methylated organophosphates generating orthophosphate and CH4 
(Karl et al., 2008; Reeburgh, 2007).  
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OMZs have also been noted as regions were CH4 accumulates in the water column. 
Marine OMZs, such as those in the Eastern Tropical Pacific, the Black Sea and the 
Cariaco Basin, exhibit elevated CH4 concentrations.  CH4 ranges from 80-100 nM in the 
Eastern Tropical Pacific and > 10 µM in the closed anoxic basins of the Black Sea and 
Cariaco Basin (Sansone et al., 2001; 2004; Reeburgh, 1976, Reeburgh et al., 1991). The 
lack of O2 in OMZs prevents the rapid oxidation of CH4 allowing CH4 to accumulate.  
These OMZ regions constitute the largest pool of pelagic CH4 (Sansone et al., 2004) and 
could be key CH4 sites for hypoxic and anoxic CH4 consumption. 
 
1.3 Oxygen minimum zones as sites of CH4 and N linkages 
OMZs are a prominent feature of the marine water column. Aerobic respiration of 
organic matter in OMZs occurs at a faster rate than O2 production (Wyrtki, 1962; Helly 
and Levin, 2004; Wright et al., 2012).  In some areas such as the Eastern Tropical Pacific 
and the Arabian Sea, up-welling induces high rates of primary production in surface 
water. As this surface biomass dies and sinks, microbial communities rapidly consume 
the organic matter using O2 as an oxidant.  This rapid O2 consumption is coupled with 
poor ventilation at these sites, which causes extreme O2 depletion. In these regions, O2 
falls below the detection of modern sensors (Thamdrup et al., 2012; Tiano et al., 2014) 
and is accompanied by step gradients in biogeochemical parameters (Wright et al., 2012).  
These functionally anoxic conditions select for microbes that use anaerobic metabolisms. 
These metabolisms rely on alternative oxidized compounds such as NO3-, NO2-, SO42-, 
and metal oxides as terminal electron acceptors.  NO3- and NO2- are present in high 
concentrations below the oxycline, and offer reasonably high thermodynamic redox 
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energy yields and are therefore used to oxidize a wide range of reduced compounds. 
These pathways result in the production of biologically unavailable N2 gas.  Thus OMZs 
link N loss to numerous biochemical transformations (Stewart et al., 2012; Ulloa et al., 
2012, Canfeild et al., 2010). 
Microbial activities in OMZs contribute up to half of oceanic N loss (Gruber et al., 
2004).  N is removed from OMZs through denitrification or anaerobic ammonia 
oxidation (anammox) by diverse microbial taxa (Codispoti et al., 2001; Thamdrup et al., 
2012; Ulloa et al., 2012).  Anoxic OMZs, sometimes referred as anoxic marine zones 
(AMZs), are characterized by high concentrations of NO2- relative to oxic water column 
environments (Kamykowski and Zentara, 1991; Wright et al., 2012). This NO2- 
accumulation is presumably caused by modularity in the denitrification process. NO3- is 
reduced to NO2- and released to the water column for other microbes to carry out the next 
steps in denitrification (Hawley et al., 2014; Wright et al., 2012). The lack of O2 prevents 
nitrification from occurring, thus inhibiting NO2- oxidation back to NO3-. OMZs provide 
a unique oceanic niche for microorganisms containing the enzymes nitrate reductase 
(nar) and nitrite oxidoreductase (nir) (Stewart et al., 2012; Ulloa et al., 2012; Tsementzi 
et al., 2016). Genes encoding this enzyme, along with other key catalytic enzymes for 
denitrification and anammox, are among the most abundant in OMZs (Stewart et al., 
2012; Ulloa et al., 2012; Wright et al., 2012). Modern sequence technology has increased 
the ability to recover and assemble these genes from OMZ systems and link them to other 
enzymes involved biochemical reactions in poorly described microbes. This ability has 
enabled descriptions of uncultivated microbial species using unique metabolic strategies 
(Tsementzi et al., 2016).   
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OMZs may be important sites for pelagic CH4 cycling as they are the largest pool of 
water column CH4 in the global ocean (Sansone et al., 2001, Sansome et al, 2004), and 
represent potentially important sources of CH4 to the atmosphere (Naqvi et al., 2010). 
Diverse microbes may be responsible for linking CH4 oxidation to pathways of N loss 
under anoxia.  This linkage might include microbes carrying the N-DAMO process such 
as bacteria of the NC10 Phylum. Another group that could facilitate methanotrophy 
driven N loss are the bacterial groups canonically associated with aerobic methanotrophy 
These bacteria use partial denitrification to support respiration while using O2 to directly 
oxidize CH4 (Kits et al., 2015).  Evidence for aerobic methanotroph populations 
persisting in low-to-no O2 environments have been reported in both culture-dependent 
and -independent studies (Kalyuzhnaya et al., 2013; Chistoserdova, 2015; Kits et al., 
2015a,b; Danilova et al., 2016). While a partial denitrification process has been linked to 
aerobic methanotrophs in cultures it has not been described in natural environments.  
The physiological mechanisms used by planktonic methanotrophs remain unclear in 
natural OMZ communities. Indeed, PCR-based surveys of the methanotroph marker gene 
pmo have identified diverse marine clades of methanotrophs as being widely distributed 
through pelagic and sediment low oxygen environments (Tavormina et al., 2008, 2010), 
including OMZs (Hayaski et al., 2007; Tavormina et al., 2013).  Metagenomic studies of 
OMZs have recovered NC10-like sequences involved in N reduction (Ganesh et al., 
2015). Given the enrichment of oxidized N compounds and CH4 in OMZs and know 
methanotrophy driven N loss pathways, linkages between N loss and CH4 oxidation may 





Overlapping zones of elevated CH4 and oxidized N concentrations in OMZs suggest a 
pelagic niche for methanotrophs conducting reductive N transformations. Since OMZs 
are predicted to expand with global warming (Stramma et al., 2008; Long et al., 2016), 
characterizing CH4-consuming microbial populations in OMZs is critical for 
understanding greenhouse gas and nutrient budgets. The main objective of this work is to 
characterize the microbial abundance and activity in OMZs that participate in CH4 
oxidation and N loss.  
 
1.4.1 Objective 1 (Chapter 2) 
A crucial first step in marine microbial studies is to isolate planktonic cells from 
the water column. Typically, this is achieved by filtering suspended biomass through a 
series of filters separating large particles and eukaryotic cells (1.0 – 30 µm) from the free-
living cells suspended in the water (0.1 – 0.2 µm). This step lacks standardization across 
studies as researchers use filters of differing pore size, and this is often compounded with 
a wide range (< 1 L to >100 L) of seawater volume passed through the filters. Particle 
retention and clogging of these filters has been well documented, as has taxa bias.  The 
impact that the volume of seawater filtered has on microbial community diversity 
estimates has not been quantitatively assessed. We utilized 16S rRNA gene amplicon 
sequencing to describe community structure in two microbial biomass size fractions (0.2 
– 1.6 µm, > 1.6 µm) over a gradient of filtered water volumes (0.05 to 5 L).   This work 
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establishes best practices for characterizing microbial diversity from seawater without 
introducing sampling biases. This is a critical component of subsequent chapters because 
each question addressed depends on successful, unbiased, collection of biomass in order 
to link patterns in the proportional representation of genes/taxa to chemical 
measurements.  
 
1.4.2 Objective 2 (Chapter 3) 
Sequences from the candidate phylum NC10 have been detected under the anoxic 
conditions of the world’s largest OMZs in the Eastern Tropical Pacific. This group of 
recently described bacteria has the ability to generate intracellular O2 from NO to oxidize 
CH4. This process allows for anaerobic CH4 oxidation while generating N2 gas, thus 
contributing to N loss while oxidizing a potent greenhouse gas. OMZs in the Eastern 
Tropical Pacific contain relatively high concentrations of both CH4 and NO2-, compared 
to more oxygenated pelagic regions. Given the functionally anoxic conditions in these 
regions combined with the availability of the NC10 N-DAMO reactants (CH4 and NO2-), 
we hypothesize that these anoxic OMZs are a suitable niche for NC10 that link CH4 
oxidation to N loss.  While NC10-like sequences have been recovered from OMZs in 
previous work, OMZs as a niche for N-DAMO had yet to be confirmed. We used a 
combination of (q)PCR, phylogenetics, and transcriptomic analyses coupled to chemical 
rate experiments to investigate this hypothesis.   
 
1.4.3 Objective 3 (Chapter 4) 
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Genomic characterizations of oceanic methanotrophs are sparse.  Descriptions of 
marine methanotrophic populations have relied on the detection of copper-
monooxygenase phylotypes known as operational pmo units (OPUs). While OPU 
sequences have been shown to be enriched in OMZs it remains unknown what 
mechanism these aerobic methanotrophs use to function in this low O2 niche. Cultured 
methanotrophs Methylomicrobium album BG8 and Methylomonas dentrificans FJG1 
have been shown to use nitrate as an electron acceptor to relieve respiratory stresses 
under hypoxic culture conditions. This processes has not been detected in natural 
environments.  In Chapter 3, high rates of CH4 oxidation were detected in the Golfo 
Dulce (GD), Costa Rica in the NO2- maxima, just beneath the oxycline. However, NC10 
transcripts were an order of magnitude lower in the GD compared to the ETNP, raising 
the possibility that other microbes may be contributing to OMZ methanotrophy.  In 
exploring this hypothesis, we detected a high abundance of 16S rRNA gene and transcript 
sequences affiliated with a gammaproteobacteria OPU population, known as OPU3. This 
population of gammaproteobacteria could be responsible for the unexplained CH4 
oxidation rates. We therefore conducted a genomic study to test for a link between 
methanotrophy and denitrification, as observed in other cultured representatives.  In this 
analysis, involving the assembly of metagenomic bins and metatranscriptome mapping to 
the OPU3 genome in the anoxic GD, we aim to describe the mechanisms allowing these 
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Fractionation of biomass by filtration is a standard method for sampling planktonic 
microbes.  It is unclear how the taxonomic composition of filtered biomass changes 
depending on sample volume.  Using seawater from a marine oxygen minimum zone, we 
quantified the 16S rRNA gene composition of biomass on a prefilter (1.6 µm pore-size) 
and a downstream 0.2 µm filter over sample volumes from 0.05 to 5 L.  Significant 
community shifts occurred in both filter fractions, and were most dramatic in the prefilter 
community.  Sequences matching Vibrionales decreased from ~40-60% of prefilter 
datasets at low volumes (0.05-0.5 L) to less than 5% at higher volumes, while groups 
such at the Chromatiales and Thiohalorhabdales followed opposite trends, increasing 
from minor representation to become the dominant taxa at higher volumes.  Groups often 
associated with marine particles, including members of the Deltaproteobacteria, 
Planctomycetes and Bacteroidetes, were among those showing the greatest increase with 
volume (4 to 27-fold).  Taxon richness (97% similarity clusters) also varied significantly 
with volume, and in opposing directions depending on filter fraction, highlighting 
potential biases in community complexity estimates.  These data raise concerns for 
studies using filter fractionation for quantitative comparisons of aquatic microbial 
diversity, for example between free-living and particle-associated communities. 
 
2.1 Introduction 
Most studies of planktonic microbes begin by isolating organisms from the 
environment.  This task usually involves collection of suspended biomass by passing 
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water through a filter.  For studies of planktonic bacteria and archaea, it is routine to use 
an inline series of filters during the collection step, often with a prefilter of larger pore 
size (typically 1.0-30 µm) upstream of a primary collection filter of smaller pore size 
(0.1-0.2 µm; Fuhrman et al., 1988; Venter et al., 2004; Walsh et al., 2009; Morris and 
Nunn, 2013; Stewart 2013).  Both filters retain microbial biomass, and the larger and 
smaller biomass size fractions are often used to approximate divisions between particle-
associated and free-living microbes, respectively (e.g., Acinas et al., 2009; Crump et al., 
1999; Hollibaugh et al., 2000; Moeseneder et al., 2001; LaMontagne and Holden, 2003; 
Ghiglione et al., 2007, 2009; Rusch et al., 2007; Kellog and Demming, 2009; Smith et al., 
2013; D’Ambrosio et al., 2014; Ganesh et al., 2014; Mohit et al., 2014; Orsi et al., 2015, 
among others).  Retained biomass can be used towards a range of analytical goals, 
including quantitative measurements of community taxonomic and metabolic diversity, 
based for example on 16S rRNA gene or metagenome sequencing.  Such analyses shape 
our understanding of microbial distributions and functions in the environment. 
 The effects of filtration method on quantitative measurements of community 
genetic diversity are poorly understood, and rarely accounted for in study design.  
Notably, it is unclear how prefiltration and variation in filtered water volume influence 
the relative abundances of taxa retained in different filter fractions.  This is surprising 
given an extensive literature demonstrating variation in particle retention and clogging 
rates among filter types and in the size spectra of retained particles due to clogging 
(Nagata, 1986; Taguchi and Laws, 1988; Knefelkamp et al., 2007), and a smaller number 
of studies showing differential selection of target taxa based on filter type (Gasol and 
Moran, 1999), or variation in DNA extraction efficiency depending on filtered water 
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volume (Boström et al., 2004).  Indeed, sample volume varies widely across studies, from 
less than 1 L for coastal or eutrophic environments (Hollibaugh et al., 2000) to greater 
than 100 L for open ocean settings (Rusch et al., 2007).  Fewer studies sample at very 
low volumes (microliters), in part to avoid under-sampling community richness, 
potentially due to microscale heterogeneity in biomass distributions (Long and Azam, 
2001).  Sample volume is often also variable among samples within a study, differing for 
instance between samples collected for DNA versus RNA analysis (Frias-Lopez et al., 
2008; Hunt et al., 2013).  While it has been assumed that the proportion of free-living 
bacteria retained in the prefilter fraction increases with the volume of filtered water (Lee 
et al., 1995), the effects of such retention on community composition measurements are 
unknown.  Advances in high-throughput 16S rRNA gene sequencing now enable rapid, 
low-cost quantification of microbial community structure (Caporaso et al, 2011).  These 
methods can be used to help identify biases associated with common sample collection 
practices.    
We conducted experiments to test whether variation in the volume of filtered seawater 
biases estimates of marine microbial diversity.  Biomass representing two size fractions 
(0.2-1.6 µm, >1.6 µm) was collected from a marine oxygen minimum zone (OMZ) 
following a sequential inline filtration protocol used routinely to study planktonic 
microbes (Fuhrman et al., 1988; Frias-Lopez et al., 2008; Stewart, 2013).  Sequencing of 
community 16S rRNA gene amplicons revealed significant shifts in community structure 
and richness over volumes ranging from 0.05 to 5 L.  We discuss these results as 
evidence that sample volume should be critically examined as a potentially confounding 
variable in comparing estimates of aquatic microbial diversity. 
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2.3 Materials and Methods 
2.3.1 Sample collection and filtration  
Seawater was collected from the OMZ off Manzanillo, Mexico during the Oxygen 
Minimum Zone Microbial Biogeochemistry Expedition 2 (OMZoMBiE2) cruise (R/V 
New Horizon; cruise NH1410; May 10-June 8, 2014).  Collections were made using 30 L 
Niskin bottles attached to a CTD-Rosette.  Seawater was emptied into 20 L cubitainers 
upon retrieval on deck and stored in the dark at 4°C until filtration (<1 hr).  Two 
experiments were conducted to assess the impact of sample volume on microbial 
diversity.  Experiment 1 collected biomass after filtration of 0.1, 1, and 5 L from the 
sample pool, with 3-5 replicate filtration lines per volume.  Experiment 2 examined 
volumes of 0.05, 0.1, 0.5, 1, 2, and 5 L, with 2-3 replicates per volume.  These ranges 
encompass volumes typical for studies of both coastal and open ocean environments, 
although fewer studies collect volumes at the lower end of the range.  Water for 
experiment 1 was collected from depth 150 m near the secondary nitrite maximum at a 
site ~95 km offshore from Manzanillo (18'12''N 104'12''W).  Water for experiment 2 was 
collected from depth 400 m at a site ~300 km offshore from Manzanillo (20'00'' N, 
107'00" W).  Collections depths at both sites were beneath the photic zone.  Total water 
depth at both sites was > 1000 m.  
For each experiment, discrete water volumes were measured from the stored 
sample water, transferred into pre-washed secondary containers (graduated cylinders or 
glass bottles), and filtered by sequential in-line filtration at room temperature through a 
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glass fiber disc pre-filter (GF/A, 47 mm, 1.6 µm pore-size, Whatman) and a primary 
collection filter (Sterivex-GP filter cartridge, polyethersulfone membrane, 0.22 µm pore-
size, Millipore) using a peristaltic pump (Masterflex L/S modular drive pump, 1-100 rpm, 
Cole-Parmer®) at constant speed (60 rpm).  Replicate filters were collected in parallel 
(separate filter lines) for each discrete volume, with a maximum of 5 lines (replicates) 
running in parallel at once. After filtration, prefilters were transferred to cryovials 
containing lysis buffer (~1.8 ml; 50 mM Tris-HCl, 40 mM EDTA, and 0.73 M Sucrose), 
Sterivex cartridges were filled with lysis buffer (~1.8 ml) and capped at both ends, and 
both filter types were stored at -80°C until DNA extraction.  After filtration of one set of 
replicates, filter lines were rinsed, and clean filters were added.  Aliquots representing the 
next sample in the volume series were then measured from the source water, and the 
filtration sequence was repeated.  
 
2.3.2 DNA extraction 
DNA was extracted from prefilters and Sterivex cartridges using a 
phenol:chloroform protocol as in Ganesh et al. (2014).  Cells were lysed by adding 
lysozyme (2 mg in 40 µl of lysis buffer per filter) directly to the prefilter-containing 
cryovials and the Sterivex cartridges, sealing the caps/ends, and incubating for 45 min at 
37oC.  Proteinase K (1 mg in 100 µl lysis buffer, with 100 µl 20% SDS) was added, and 
cryovials and cartridges were resealed and incubated for 2 hours at 55oC.  The lysate was 
removed, and DNA was extracted once with phenol:chloroform:isoamyl alcohol 
(25:24:1) and once with Chloroform:Isoamyl Alcohol (24:1) and then concentrated by 
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spin dialysis using Ultra-4 (100 kDa, Amicon) centrifugal filters.  Double stranded DNA 
was quantified on a Qubit® Fluorometer using the dsDNA BR Assay Kit. 
 
2.3.3 16S rRNA gene quantitative PCR 
Quantitative PCR (qPCR) was used to count total bacteria 16S rRNA gene copies 
in DNA extracted from both prefilter and Sterivex size fractions.  Total 16S counts were 
obtained using SYBR® Green-based qPCR and universal bacterial 16S primers 1055f and 
1392r, as in Hatt et al. (2013).  Ten-fold serial dilutions of DNA from a plasmid carrying 
a single copy of the 16S rRNA gene (from Dehalococcoides mccartyi) were included on 
each qPCR plate and used to generate standard curves.  Assays were run on a 7500 Fast 
PCR System and a StepOnePlus™ Real-Time PCR System (Applied Biosystems).  All 
samples were run in triplicate (20 µL each) and included 1X SYBR® Green Supermix 
(BIO-RAD), 300 nM of primers, and 2 µL of template DNA (diluted 1:100).  Thermal 
cycling involved: incubation at 50°C for 2 min to activate uracil-N-glycosylase, followed 
by 95 °C for 10 min to inactivate UNG, denature template DNA, and activate the 
polymerase, followed by 40 cycles of denaturation at 95°C (15 sec) and annealing at 
60°C (1 min). 
 
2.3.4 Diversity analyses 
High-throughput sequencing of dual-indexed PCR amplicons encompassing the 
V4 region of the 16S rRNA gene was used to assess microbial community composition.  
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Briefly, amplicons were synthesized using Platinum® PCR SuperMix (Life Technologies) 
with primers F515 and R806, encompassing the V4 region of the 16S rRNA gene 
(Caporaso et al., 2011).  These primers are used primarily for bacterial 16S rRNA genes 
analysis, but also amplify archaeal sequences.  Both forward and reverse primers were 
barcoded and appended with Illumina-specific adapters according to Kozich et al. (2013).  
Equal amounts of starting DNA (0.5 ng) were used for each PCR reaction to avoid 
potential PCR biases due to variable template concentrations (Kennedy et al., 2014).  
Thermal cycling involved: denaturation at 94°C (3 min), followed by 30 cycles of 
denaturation at 94°C (45 sec), primer annealing at 55°C (45 sec) and primer extension at 
72°C (90 sec), followed by extension at 72°C for 10 min.  Amplicons were analyzed by 
gel electrophoresis to verify size (~400 bp, including barcodes and adaptor sequences) 
and purified using the Diffinity RapidTip2 PCR purification tips (Diffinity Genomics, 
NY).  Amplicons from different samples were pooled at equimolar concentrations and 
sequenced on an Illumina MiSeq using a 500 cycle kit with 5% PhiX to increase read 
diversity.   
Amplicons were analyzed using QIIME (Caporaso et al., 2010) following 
standard protocols.  Barcoded sequences were de-multiplexed and trimmed (length cutoff 
100 bp) and filtered to remove low quality reads (average Phred score < 25) using Trim 
Galore! (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).  Paired-end 
reads were then merged using FLASH (Magoč and Salzberg, 2011), with criteria of 
average read length 250, fragment length 300, and fragment standard deviation 30.  
Chimeric sequences were detected by reference-based searches using USEARCH (Edgar, 
2010).  Identified chimeras were filtered from the input dataset, and merged non-chimeric 
 30 
sequences were clustered into Operational Taxonomic Units (OTUs) at 97% sequence 
similarity using open-reference picking with the UCLUST algorithm (Edgar, 2010) in 
QIIME.  The number of sequences assigned to OTUs averaged 22,693 (range: 2255-
182,051) and 20,638 (range: 5152-46,634) per sample for experiments 1 and 2, 
respectively.   
Taxonomy was assigned to representative OTUs from each cluster using the 
Greengenes database (DeSantis et al., 2006).  OTU counts were rarefied (10 iterations) 
and alpha diversity was quantified at a uniform sequence depth (n=2255 for exp 1 and 
5152 for exp 2) using the Chao1 estimator of richness.  Significant differences in Chao1 
estimates between volume groupings were detected using pairwise two-sample t-tests 
with a Bonferroni correction for multiple comparisons.  To compare community 
composition between samples, sequences were aligned in QIIME using PyNAST, and 
beta diversity was calculated using the weighted Unifrac metric (Lozupone and Knight, 
2005).  Sample relatedness based on Unifrac was visualized with two-dimensional 
Principal Coordinate Analyses.  The statistical significance of sample grouping according 
to filtered volume was assessed using the nonparametric adonis method in QIIME based 
on Unifrac distances run with 999 permutations and Bonferroni corrections for multiple 
tests (Table B.1). 
Taxa (Order level) differing significantly in proportional abundance in pairwise 
comparisons of filter volumes (lowest versus highest volumes) were identified via an 
empirical Bayesian approach using the program baySeq (Hardcastle and Kelly, 2010), as 
in Stewart et al. (2012) and Ganesh et al. (2014).  The baySeq method assumes a negative 
binomial distribution with prior distributions derived empirically from the data (100,000 
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iterations).  Dispersion was estimated via a quasi-likelihood method, with the count data 
normalized by dataset size (total number of identifiable 16S rRNA gene amplicons per 
dataset).  Posterior likelihoods per Order were calculated for models (volume groupings) 
in which Orders were either predicted to be equivalently abundant between lowest versus 
highest filter volumes or differentially abundant.  A false discovery rate threshold of 0.05 
was used for detecting differentially abundant categories.  
All sequence data have been submitted to the Sequence Read Archive at NCBI under 
BioProject ID PRJNA275901. 
 
2.4 Results 
Total bacterial 16S rRNA gene counts (prefilter + Sterivex combined), a rough 
proxy for microbial abundance, averaged 4 x 105 and 7 x 104 (averaged across all 
volumes and replicates) for experiment 1 and 2, respectively, and were 10 to 11-fold 
higher in the Sterivex size fraction (0.2-1.6 µm; Table B.1).  These counts are within the 
range of or slightly lower than prior bacterial 16S gene counts at OMZ and oxycline 
depths in the study area (~5x104 to 1.3x106; Ganesh et al., 2015; Stewart, unpublished), 
values typical of open ocean waters, and consistent with prior reports of elevated 
microbial biomass in the smallest ("free-living") size fraction compared to particulate size 
fractions (Cho and Azam, 1988; Ghiglione et al., 2009).  DNA yields, representing both 
prokaryote and eukaryote sources, were ~2 to 4-fold higher in Sterivex filter fractions 
compared to prefilters (Figure 2.1A).  Both DNA yields and bacterial 16S counts 
increased linearly with volume in both fractions, and were most variable (among 
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replicates) for the 5 L samples, suggesting differences in extraction efficiency at high 
volumes (Figures 2.1A and B.1).  Similarly, filtration time increased linearly as a 
function of sample volume (R2 = 0.99; Figure 2.1B), ranging from <40 seconds (0.05 L) 
to 43 min (5 L).  Average flow rate, calculated from filtration times from all samples, was 
0.12 L min-1.  A minor increase of filtration times per unit volume was observed for the 5 
L samples compared to 1 L and 2 L samples, highlighting a very slight decline in flow 




Figure 2.1.  Total DNA yield (A) and filtration time (B) as a function of filtered 
water volume.  The solid regression line in B spans the 0.05 L to 2 L range.  The dashed 
regression spans the full dataset, with the increased slope suggesting a slight decrease in 




Community structure varied significantly with sample volume in both biomass 
fractions.  Principal coordinates analysis based on the weighted Unifrac metric showed 
significant differentiation of samples based on filtered volume for both size fractions in 
both experiments (R2: 0.50-0.87; P<0.05), with the strongest separation occurring 
between samples of 1 L or more and those of lower volumes (Figure 2.2, 2.3; Table B.2).  
Chao1 estimates of operational taxonomic unit (OTU; 97% similarity cluster) richness 
varied with filter volume in both size fractions (Figure 2.4).  In both experiments, median 
richness in the >1.6 µm fraction increased (by up to 68%) with volume, reaching peak 
values at 1 L, before declining again at the highest volumes (2-5 L).  However, 
differences in prefilter richness between volume groupings were not significant, due 
partly to limited replication per volume. In contrast, in both experiments richness in the 
downstream 0.2-1.6 µm ‘Sterivex’ size fraction declined by ~25-30% over the volume 
range, with statistically significant declines observed between lower volumes and the 5 L 











Figure 2.2.  Microbial community relatedness (A,C) and taxon abundances (B,D) in 
experiment 1 prefilter (>1.6 µm; A,B) and Sterivex (0.2-1.6 µm; C,D) samples.  
Relatedness based on 16S rRNA gene amplicon sequencing, as quantified by the 
weighted Unifrac metric.  Samples representing different filtered water volumes are 
circled. Abundances in B,D are percentage abundances of major bacterial Orders.  Only 








The most dramatic shifts in taxonomic representation with volume occurred in the 
prefilter fraction (Figure 2.2, 2.3). Of the major Prokaryotic Orders detected in 
experiment 1, where ‘major’ here indicates an average percent abundance >0.5% across 
filter type replicates, 59% (19 of 32) varied significantly in abundance from lowest to 
highest volumes (0.1 vs. 5 L; P<0.05), with 88% (28) undergoing a fold-change of 2 or 
greater (positive or negative; Table B.3).   In experiment 2, 96% of major Orders 
underwent a fold-change of 2 or greater over the volume range (0.05 vs. 5 L), although 
fewer (17%) of these changes were statistically significant (likely due to fewer replicates 
per volume in experiment 2; Table B.4).  In both experiments, sequences matching 
Vibrionales decreased dramatically (21-33 fold) with filter volume, from >50% (average) 
of the lowest volume datasets, to <3% at 5 L.  In contrast, other groups increased to 
dominate the dataset over the volume range.  In experiment 1, sequences related to the 
gammaproteobacterial Thiohalorhabdales increased nearly 4-fold, becoming the single 
most abundant Order at 5 L with 17% of total sequences.  In experiment 2, the Order 
Chromatiales increased from an average of 2% at lower volumes (range: 0.2-5.7% over 
0.05, 0.1, 0.5 L datasets) to become the most abundant taxon at higher volumes, 
representing an average of 42% of total sequences at volumes of 1 L or greater (range: 
15-77%; Figure 2.3, Table B.4).  In both experiments, Euryarchaeota of the 
Thermoplasmata increased 10 to 20-fold to become the second most abundant Order (7-
10%) at 5 L.  Diverse members of the Deltaproteobacteria, Planctomycetes, and 
Bacteroidetes also underwent substantial increases (4 to 27-fold) in the prefilter fraction 






Figure 2.3.  Microbial community relatedness (A,C) and taxon abundances (B,D) in 
experiment 2 prefilter (>1.6 µm; A,B) and Sterivex (0.2-1.6 µm; C,D) samples.  
Relatedness based on 16S rRNA gene amplicon sequencing, as quantified by the 
weighted Unifrac metric.  Samples representing different filtered water volumes are 
circled. Abundances in B,D are percentage abundances of major bacterial Orders.  Only 





Figure 4. Chao1 estimates of operational taxonomic unit (97% similarity cluster) 
richness in prefilter (>1.6 µm; A,B) and Sterivex (0.2-1.6 µm; C,D) samples in 
experiments 1 and 2.  Boxplots show medians within first and third quartiles, with 
whiskers indicating the lowest and highest values within 1.5 times the interquartile range 
of the lower and upper quartiles respectively.  Note variation in y-axis scales.  Asterisks 
in D indicate volume groupings with richness estimates significantly different from those 
of the 5 L sample (P<0.05).  All other pairwise differences between volume groupings 






Large changes in taxon representation also occurred in the Sterivex fraction, but 
were less dramatic that those in the prefilter community.  In both experiments, 14% of the 
major prokaryotic Orders detected in this fraction changed significantly in representation 
over the volume range (P<0.05, Tables B.3, B.4).  As in the prefilter datasets, the most 
substantial shifts occurred in the Vibrionales, which decreased 51 to 97-fold with volume.  
Other groups undergoing significant declines included the Alteromonadales, 
Rhodobacterales, and Kiloniellales, notably with these groups declining 16 to 94-fold in 
experiment 2.  Less dramatic, but still substantial, shifts occurred in the opposite 
direction, notably with the abundant SAR406 lineage increasing ~2-fold in representation 
in both experiments to constitute over one quarter of all sequences in the 5 L datasets. 
 
2.5 Discussion 
Studies of diverse aquatic habitats consistently show that microbial community 
composition in the prefilter fraction differs from that of the smaller size fraction (e.g., 
Simon et al., 2002, 2014, and references therein).  These differences have been used to 
suggest taxonomic, chemical, and metabolic partitioning between particle-associated 
versus free-living microbial communities (see references in Introduction).  While the pore 
size of the primary collection filter used in such studies is almost always 0.2 µm, the pore 
size of the prefilter varies, typically from 0.8-1.0 (e.g., Hollibaugh et al., 2000; Allen et 
al., 2012) to 30 µm (e.g., Fuchsman et al., 2011, 2012), but is most often in the range of 1 
to 3 µm, encompassing the 1.6 µm GF/A prefilter used in this study.  Here, sample 
volume had a much stronger effect on prefilter community composition compared to that 
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of the downstream Sterivex fraction.  Taxa such as the Thiohalorhabdales and 
Chromatiales in experiments 1 and 2, respectively, were evenly distributed between filter 
fractions at low volumes but dramatically enriched in the prefilter at higher volumes.  
Furthermore, major taxonomic divisions often described as being enriched in particulate 
fractions, including the Flavobacteriales (Bacteroidetes), Myxococcales 
(Deltaproteobacteria), and Planctomycetes (Crump et al., 1999; Simon et al., 2002; Eloe 
et al., 2011; Allen et al., 2012; Fuchsman et al., 2012), were among those whose 
proportional abundances in the prefilter fraction increased the most with filter volume, 
although these groups have also been detected on particles sampled directly by syringe 
(DeLong et al., 1993; Rath et al., 1998).  Such changes were not exclusive to the prefilter 
fraction.  SAR406, an uncultured lineage commonly affiliated with low-oxygen waters 
(Wright et al., 2012, 2014), increased steadily with volume to become the single most 
abundant taxonomic group in both experiments.  These patterns suggest that differences 
in sample volume can bias multiple sequential filter fractions, but may be particularly 
problematic for studies inferring the structure of the particle-associated community, or 
the association of certain taxa with a particle-attached niche.  
Community diversity differences between particle-associated and free-living 
biomass fractions are often variable across diverse ocean habitats.  This has been 
attributed to environmental variation associated with geographic and vertical zonation, as 
well as flexibility in microbial lifestyles allowing alternation between particle-associated 
and free-living lifestyles (Grossart, 2010).  Surprisingly, only a small number of studies 
have evaluated the potential for collection methods to bias community-level diversity 
measurements (Kirchman et al., 2001; Long and Azam, 2001; Ghiglione et al., 2007).  
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Focusing on the 0.2-3.0 µm filter fraction, Long and Azam (2001) recovered qualitatively 
similar community 16S rRNA gene fingerprints (denaturing gradient gel electrophoresis; 
DGGE) from coastal seawater volumes ranging from 1 µl to 1 L.  Similarly, Ghiglione et 
al. (2007) reported no visible effect of volume (0.1 to 5 L) on fingerprints (capillary 
electrophoresis-single strand conformation polymorphism) from Mediterranean Sea 
bacterioplankton on 0.2 and 0.8 µm filters.  High throughout 16S amplicon sequencing 
now provides a cost-competitive alternative to fingerprinting with higher sensitivity for 
detecting community structural shifts, including those involving rare taxa.  Using this 
method, our results suggest that biases due to variation in filtered volume may also 
confound comparisons of size-fractionated community structure across habitats and 
studies.   
Our data also suggest that metrics of community (OTU) richness may be sensitive 
to filtered water volume.  In both experiments, richness of the prefilter and Sterivex 
communities followed opposing trends with volume, increasing in the larger size fraction 
and decreasing in the smaller.  Declines in diversity with filter volume (0.01 vs. 2 L) 
were previously observed in a study of prefiltered bacterioplankton (0.2-3.0 µm fraction) 
using DGGE, although determinants of that decline could not be related directly to 
volume due to variations in the DNA extraction procedure (Kirchman et al., 2001).  Here, 
in experiment 1, richness of the prefilter fraction was lower than that of the Sterivex 
fraction at 0.1 L, but this pattern was reversed at higher volumes.  Enhanced richness in 
prefilter versus 0.2 µm fractions has been reported from diverse systems (Eloe et al., 
2011; Bižić-Ionescu et al., 2014; Ganesh et al., 2014), leading to speculation that the 
complexity of the microbial community varies differentially between free-living and 
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particle-associated niches in response to fluctuation in water column conditions or niche-
availability on particles.  Bulk estimates of community complexity may instead be driven 
by variation in filtered water volume. 
The observed compositional shifts with sample volume are potentially driven by a 
range of mechanisms.  First, the filters may be clogging.  A minor increase in filtration 
time per unit sample volume for the 5 L samples compared to the lower volume samples 
is consistent with filter clogging, although this trend is not supported by the near linear 
increase in total DNA yield and bacterial 16S gene counts per volume (Figure 2.1A and 
B.1).  If the filters are indeed clogging, clogging would presumably lead to a progressive 
increase in the size range and diversity of the retained particles, with smaller (potentially 
free-living) cells below the size threshold of the unclogged filter increasingly retained as 
volumes increase.  We speculate, for example, that Chromatiales and Thiohalorhabdales 
cells or cell aggregates are potentially either near the size threshold for passage through 
the prefilter, or are otherwise easily entrained in the filter matrix, and are therefore 
preferentially retained if the prefilter clogs.   
Clogging could also affect diversity estimates for the downstream Sterivex filter 
fraction.  In this fraction, however, effects due to clogging and increased retention of 
cells <0.2 µm are presumably minimal, as few planktonic marine microbes likely pass 
through the 0.2 µm filter to begin with (Fuhrman et al., 1988), although the abundance of 
very small cells in the open ocean remains an active area of research.  Rather, the 
community shifts in the Sterivex fraction could be driven by clogging of the upstream 
prefilter, with the decline in OTU richness with filter volume observed in both 
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experiments potentially reflecting a selective narrowing of the range of taxa making it 
through the prefilter.  Taxa that increase in abundance with volume in the 0.2 µm 
fraction, such as SAR406, may be relatively small cells, which presumably would be 
increasingly selected for as the prefilter clogs.   
 Second, filtration of small volumes, by chance, may fail to capture a 
representative subset of the particulate fraction, due to microscale patchiness of 
bacterioplankton and particle distributions (Azam and Hodson, 1981; Azam and 
Ammerman, 1984; Mitchell and Fuhrman, 1989).  Marine particles span gradients of age, 
size, and source material, and potentially microbial composition (Simon et al., 2002).   It 
is possible that certain particles, due to their low abundance, are unlikely to be captured 
at low water volumes, but would be sampled at higher volumes, and potentially 
contribute significantly to bulk microbial counts depending on the local density and 
richness of microbes on the particle.  Changes in taxon representation due to increases in 
water volume may not be easily distinguished from changes due to filter clogging.   
 Third, adsorption of free dissolved DNA to filters may contribute 
disproportionately to diversity estimates at smaller volumes (Turk et al., 1992; Boström 
et al., 2004).  While we cannot rule out this possibility, proportional decreases of filter-
bound DNA with volume seems an unlikely explanation for the observed taxonomic 
shifts, as the dissolved DNA pool would need to be dominated almost exclusively by 
Vibrionales for this to be true.  Also, DNA extraction efficiency has been shown to 
decrease with filtered water volume (Boström et al., 2004), suggesting that variable 
extraction efficiencies may affect community composition estimates.  A consistent 
decrease in extraction efficiency with volume was not clearly evident in our samples, 
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although the range in DNA recovered from 5 L samples indicates that efficiency was 
variable (Figure 2.1A).  Although the potential for extraction efficiency to change with 
sample volume deserves more attention, and is likely variable among filter types and 
extraction methods, decreasing efficiencies would only alter composition estimates if the 
change in efficiency is non-uniform among taxa.  It is unknown if this is true. 
Finally, it is possible that population turnover (growth or lysis) in the source water during 
filtering may also have contributed to compositional shifts with volume.  We consider 
this possibility to be unlikely.  Growth in the source water was likely negligible given 
characteristic doubling times of marine microbes (hours to days; Ducklow et al., 2000) 
and the low temperature of the stored source water (stored at 4°C, but filtered at room 
temperature).  In both experiments, the total processing time of 0.1 and 1 L samples was 
less than 15 minutes.  Growth by even the most active microbes under optimal conditions 
would be unlikely to result in the dramatic community structural shifts observed between 
these sample volumes (Figures 2.2, 2.3).  Furthermore, the observed taxonomic shifts are 
inconsistent with changes due to differential turnover of microbial groups.  Taxa typically 
associated with rapid growth during bottle incubations and in response to organic matter 
enrichment, notably members of the Alteromonadales, Pseudomonadales, and 
Vibrionales (Pinhassi and Berman, 2003; Allers et al., 2007, 2008; Stewart et al., 2012), 
decreased in abundance with increasing volume in both experiments (Tables B.3, B.4), 
inconsistent with results due to rapid growth during filtering.  Furthermore, had the 
observed changes been due to growth, or to differential lysis of cells during sampling, we 
might predict changes of similar magnitude in both biomass fractions.  This was not the 
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case, as the most dramatic changes were observed in the prefilter biomass, consistent 
with effects due to filter clogging. 
 
2.6 Conclusion 
These results, based on biomass from an open ocean environment and collected 
following a widely used filtration scheme, highlight a potential for sample volume 
variation to confound community diversity estimates.  However, it is unlikely that our 
results extrapolate evenly to all systems.  The magnitude and exact mechanism of sample 
volume-based biases likely differ depending on filter type and pore size, pumping rate, 
community composition, bulk microbial abundance, particle load, and potentially other 
variables.  Such biases may be even greater in waters more eutrophic than those tested 
here, and may not easily be eliminated by frequent replacement of prefilters.  For studies 
comparing particle-associated versus free-living communities, elimination of the 
prefiltration step may be necessary, with collection of particle communities based instead 
on direct sampling of particles without filtration (DeLong et al., 1993), potentially via 
gravity or flow-cytometric separation.  Such alternative methods should be explored.  Our 
data suggest that measurements of community structure for biomass separated by filter 
fractionation should only be considered accurate and used for quantitative comparisons 
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Oceanic oxygen minimum zones (OMZs) accumulate large amounts of methane, 
but their role in the marine methane cycle is poorly explored (Sansone et al., 2001; Naqvi 
et al., 2010).  Aerobic methanotrophy was previously the only known pelagic marine sink 
for this greenhouse gas, but anaerobic microbial metabolism coupling methane oxidation 
to denitrification of nitrite (Ettwig et al., 2010) could potentially consume methane in the 
anoxic, nitrite-rich core of OMZs (Thamdrup et al., 2012).  This process, nitrite-
dependent anaerobic methane oxidation (n-damo), performed by bacteria of the NC10 
phylum, involves nitrite reduction to nitric oxide (NO), followed by dismutation of NO to 
N2 and O2, with the O2 used in intra-aerobic methanotrophy (Ettwig et al., 2010).  Here 
we show that n-damo bacteria are present and active in OMZs, including a coastal OMZ 
in Costa Rica and the world’s largest OMZ in the Eastern Tropical North Pacific. 
Particulate methane monooxygenase genes from anoxic depths clustered phylogenetically 
with those of NC10 bacteria, and NC10 16S rRNA genes and transcripts were detected at 
all sites, with highest abundances near the nitrite maxima. Metatranscriptomics confirmed 
transcription of mRNA with top matches to the methane-oxidizing NC10 bacterium 
‘Candidatus Methylomirabilis oxyfera’.  ‘M. oxyfera’-like transcripts peaked within the 
OMZ and included genes of aerobic methanotrophy and denitrification, with high 
representation by sequences sharing the unique motif structure of ‘M. oxyfera’ nitric 
oxide reductase, hypothesized to participate in O2-yielding NO dismutation.  Anoxic 
incubations with 13C-labeled methane showed methane oxidation at 2.6 nM d-1 at the 
zone of peak NC10 abundance off Costa Rica. Anaerobic methane oxidation was below 
our detection limit in other samples, but may nonetheless contribute substantially to OMZ 
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methane budgets, as estimated from NC10 abundances and cell-specific rates.  These 
findings suggest NC10 bacteria as players in the cycling of methane, nitrogen and oxygen 
in OMZs. Transcripts from methanogens also peaked within OMZ waters, further 




Microbes play critical roles in consuming the greenhouse gas methane (CH4).  
Aerobic methane oxidation by methanotrophic bacteria accounts for the majority of 
biological methane removal, primarily in soils and oxic water columns (Reeburgh, 2007; 
Kirschke et al., 2013). Microbial anaerobic oxidation of methane (AOM) also accounts 
for a substantial fraction of methane consumption. In marine sediments, this process is 
catalyzed primarily by Archaea linking reverse methanogenesis to the reduction of sulfate 
(Boetius et al., 2000). Studies of sulfate-depleted freshwater habitats reveal that AOM 
can also be coupled to the reduction of oxidized nitrogen compounds, including nitrate or 
nitrite (Raghoebarsing et al., 2006; Haroon et al., 2013; Nordi et al., 2014). Nitrite-
reducing bacteria of the NC10 phylum have been shown to couple methane oxidation to 
N2 production through a unique nitrite-dependent anaerobic methane oxidation (n-damo) 
pathway (Ettwig et al., 2010; Raghoebarsing et al., 2006; Ettwig et al., 2009). In this 
pathway, characterized in the bacterium Candidatus Methylomirabilis oxyfera enriched 
from freshwater sediments (Ettwig et al., 2010), nitrite is reduced to nitric oxide (NO), 
which is then dismutated into N2 and O2 gas. O2 then serves as the primary oxidant for an 
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intra-aerobic methanotrophic metabolism, with initial CH4 oxidation by particulate 
methane monooxygenase (pMMO) (Ettwig et al., 2010).  The enzymatic basis of the NO-
dismutation step remains unclear, although proteins resembling nitric oxide reductases 
may be involved (Ettwig et al., 2012). 
While the discovery of n-damo reveals a direct link between methane metabolism and 
the loss of fixed nitrogen via denitrification, the ecological significance of this process 
remains unconstrained.  For example, it is unknown if n-damo operates in the major 
zones of ocean nitrogen loss, notably in the large marine oxygen minimum zones 
associated with nutrient upwelling.  Characterizing the distribution of n-damo in the 
marine environment is critical for constraining local and global carbon and nitrogen 
budgets and for predictive models of climate change, as CH4 is one of the greatest 
contributors to radiative forcing among long-lived greenhouse gases (Stocker et al., 2013) 
and marine zones of nitrogen loss are predicted to expand with climate change (Stramma 
et al., 2008). 
To date, biogeochemical evidence for nitrite or nitrate-dependent AOM stems 
primarily from experimental microcosms or bioreactors seeded with freshwater sludge or 
sediments (Raghoebarsing et al., 2006; Haroon et al., 2013; Deutzmann et al., 2011).  In 
comparison, genes encoding 16S rRNA or the pMMO enzyme of NC10 bacteria have 
been detected in diverse anoxic freshwater habitats, including peatlands, rice paddies, and 
river and lake sediments (Shen et al., 2015, Deutzmann et al., 2014).  Recently, NC10-
like bacteria were also detected in and enriched from a marine habitat, the nitrite-rich 
sediments of the South China Sea (Chen et al., 2015; He et al., 2015).  N-damo in marine 
sediments may be a relatively minor process, because methane is consumed by sulfate-
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dependent AOM in the subsurface, while nitrate and nitrite are only available near the 
sediment-water interface (Thamdrup, 2012).  However, the potential for n-damo in 
diverse marine environments remains untested. 
In the pelagic ocean, nitrite-dependent n-damo may be favored under the 
environmental conditions commonly associated with OMZs.  In the major upwelling 
regions of the Arabian Sea and the Eastern Tropical North and South Pacific (ETNP, 
ETSP), microbial respiration depletes oxygen content at the OMZ core to near anoxia 
(<10 nM) (Thamdrup et al., 2012; Tiano et al., 2014).  Anaerobic microbial processes 
dominate the OMZ layer, and N2 production by OMZ bacteria, predominantly through 
the processes of heterotrophic denitrification and nitrite-dependent anaerobic ammonium 
oxidation (anammox), contributes up to half of all oceanic nitrogen loss (Codispoti et al., 
2001; Gruber, 2004).  These processes shape water column chemistry.  The reduction of 
nitrate to nitrite by denitrifiers creates a zone of nitrite accumulation in the OMZ, to 
levels (1-10 µM) orders of magnitude higher than in oxic layers (Thamdrup et al., 2012).  
The core of OMZs is further characterized by elevated methane concentrations (Sansone 
et al., 2001; Naqvi et al., 2010; Sansome et al., 2004).  N-damo in OMZs has been hinted 
at by the presence of NC10-related protein-coding genes in OMZ meta-omic datasets 
(Ganesh et al., 2015; Dalsgaard et al., 2014), although confirmation of a pelagic niche for 
these bacteria is lacking.  OMZ n-damo would be of potential importance as an 
alternative route to N2 loss and in controlling the ocean CH4 pool, notably as OMZs 
represent the largest accumulation of open ocean CH4 in the world (Sansone et al., 2001). 
Here, we test the hypothesis that the nitrite-replete waters of OMZs constitute a 
previously unrecognized niche for denitrification-dependent AOM bacteria. Seawater 
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samples for molecular and biochemical analyses were collected from sites spanning a 
nearshore to offshore transition through the ETNP OMZ off Manzanillo, Mexico (May 
2014) and in the anoxic, coastal basin of Golfo Dulce (GD), Costa Rica (Dalsgaard et al., 
2003) (January 2015) (Extended Data Fig. 1 and Table 1). At both sites, oxygen 
concentrations decreased by four orders of magnitude from surface levels (~200 µM) to 
below the detection limit of 20 nM inside the anoxic OMZ core. In the ETNP, the upper 
boundary of the anoxic core ranged from 70-130 m across sites, shoaling with proximity 
to land (Fig. 1), with oxygen staying near or below detection until ~800 m depth.  
Characteristic to anoxic oceanic OMZs, nitrite concentration in the ETNP increased upon 
depletion of oxygen to a prominent maximum (4-5 µM) within the upper anoxic zone 
(120-150 m), before declining gradually with depth.   In the GD, oxygen was below 
detection from ~85 m to the seafloor (~200 m) and nitrite also accumulated below the 
oxic/anoxic interface, peaking at 0.7 µM at 100 m in the anoxic zone and disappearing at 
140 m (Fig. 1). This disappearance marked the interface to a sulfidic zone with hydrogen 
sulfide and ammonium accumulating at 190 m to 6.6 µM and 3.4 µM, respectively. 
 
3.3 Materials and Methods 
3.3.1 Sample collection 
Samples were collected from four stations (6,8,10,11) in the ETNP OMZ during 
the Oxygen Minimum Zone Microbial Biogeochemistry Expedition 2 (OMZoMBiE2) 
cruise (R/V New Horizon; cruise NH1410; May 10-June 8, 2014; Figure C.1) and at 
station #1 in the coastal OMZ of Golfo Dulce (GD) in late January 2015.  Molecular data 
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(metatranscriptome and 16S rRNA amplicon sequences) from samples collected at ETNP 
stations 6 and 10 in June 2013 are also included in this study; subsets of the 2013 datasets 
have been published in a prior study (Ganesh et al., 2015).  In the ETNP, seawater from 
discrete depths spanning the oxic zone, lower oxycline, upper OMZ, and OMZ core was 
collected using Niskin bottles on a rosette or a pump profiling system (PPS; upper 400m 
only) alongside a Conductivity-Temperature-Depth profiler (Sea-Bird SBE 911plus or 
Sea-Bird 25 on the PPS) equipped with a Seapoint fluorometer and SBE43 dissolved 
oxygen sensor.  In the GD, samples were collected from discrete depths using a hand-
deployed Niskin bottle and dissolved oxygen profiles were measured with a Clark type 
O2 electrode (Revsbech, 1989) mounted on a CTD (Sea Sun Technology) 
Microbial biomass was collected for RNA analysis by sequential in-line filtration 
of seawater (~2-4 L) through a glass fiber disc pre-filter (GF/A, 47 mm, 1.6 µm pore-
size, Whatman) and a primary collection filter (Sterivex™, 0.22 µm pore-size, Millipore) 
using a peristaltic pump.  Sterivex filters were filled with RNA stabilizing buffer (25 mM 
Sodium Citrate, 10 mM EDTA, 5.3M Ammonium sulfate, pH 5.2), flash-frozen in liquid 
nitrogen, and stored at -80°C.   Less than 20 min elapsed between sample collection 
(water on deck) and fixation in buffer.   Replicate Sterivex filters for DNA analysis were 
collected from equivalent water volumes following RNA collection, but were instead 
filled with lysis buffer (50 mM Tris-HCl, 40 mM EDTA, 0.73 M Sucrose) before 
freezing. 
 
3.3.2 Oxygen concentrations 
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In addition to the CTD-mounted SBE43 sensor used in the ETNP and Clark type 
O2 electrode used in the GD, a high-resolution Switchable Trace amount OXygen 
(STOX) sensor was used to measure oxygen concentration at nanomolar levels within 
both the ETNP and GD OMZs.  The STOX sensor was connected to an in situ unit 
(Unisense A/S) and the data acquisition was performed as described by Revsbech et al., 
2011.  The calibration of the STOX was done using paired values of the SBE sensor or 
Clark type O2 electrode and STOX at relatively high oxygen concentrations for the 
STOX sensor but lower than the maximum values for the in situ STOX unit. Changes in 
sensitivity due to temperature changes were compensated for as described by Tiano et al., 
2014. Oxygen concentrations were analyzed during the upcasts, when both SBE and 
STOX sensors are more stable and the release of oxygen from polymers in the 
instruments should be minimized. 
 
3.3.3 Nitrite concentrations 
Samples for measuring nitrite concentration were collected in acid-washed HDPE 
bottles and either analyzed within 6 hours of collection (GD) or frozen until analysis 
(ETNP). Concentrations were determined spectrophotometrically using the Griess 
method, with a Westco SmartChem 200 (Unity Scientific) or Turner Trilogy (Turner 
Designs). 
 
3.3.4 Methane  quantification 
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Sample preparation: 20 ml (50 ml in the GD) borosilicate glass crimp top vials 
(Supelco) were flushed with at least three volumes of sample water. Once filled, 5 ml of 
sample was carefully withdrawn with a syringe. Then, 2 ml of 1N HCl (or 750 µl of 6N 
HCl in the case of the 50 ml vials) were added as preservative, and vials were sealed with 
1 cm thick blue butyl rubber stoppers and aluminum crimp caps. Blanks were collected in 
the same manner, except deionized water from the shipboard MilliQ system was used in 
lieu of seawater. Samples were collected in duplicate from each sampling depth. Post-
collection, all samples were stored at room temperature.  
Quantification: For quantification, all vials were heated upside down (to prevent 
gas from escaping the stopper) in a dry sand bath to 99°C.  The headspace of each vial 
was then recovered using a 20 gauge needle connected via PEEK tubing to a vacuum-
purged 10 ml autosampler vial (Agilent). A glass gastight syringe with a second 20 gauge 
needle was filled with 0.2 µm-filter-sterilized and degassed seawater, and used to 
displace the remaining gas from the original sample vial into the autosampler vial. The 
methane samples were run on an Agilent 7890A Gas Chromatograph (GC) fitted with an 
Agilent 25 m x 320 µm x 30 µm Molsieve 5A column (part #CP7536) and coupled to an 
Agilent 5975C Mass Spectrometer Detector (MSD) modified by the manufacturer for 
enhanced analyses of lower mass compounds. An Agilent 7697A headspace (HS) 
sampler was used to deliver gas from the 10 ml vials into the GC-MSD. Each sample was 
quantified as follows: 1) each sample vial was equilibrated in the HS to 80°C for 1.5 
minutes, and then pressurized in the HS to 103 Kpa (15 psi) with ultra-high purity 
helium, 2) headspace gas was transferred to a 1 mL loop kept at 105°C using the default 
loop fill mode, 3) the sample in the loop was injected into the GC over 0.5 min through a 
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transfer line kept at 110 °C, 4) the sample entered the GC injector kept at 100 °C in split 
1:1 mode, and then was sent through the Molsieve column at a constant rate of 1 ml min-
1, 5) the oven was kept at 35 °C for 10 min and then ramped to 325°C at 60°C min-1, 6) 
the sample was ionized by electron impact at 70 eV via the MSD source kept at 300 °C, 
and 7) the ion intensity at m/z 15 (100 ms dwelling time) and m/z 16 (500 ms dwelling 
time) was acquired using the Selective Ion Mode and an electron amplifier gain of 20 to 
enhance sensitivity.  Post-run, the m/z 16 peak was integrated using Agilent 
Chemstation™ Software and used for quantification. Calibration curves for each run 
were calculated using a series of samples prepared every 2-3 days using the following 
method: 10 mL headspace vials were filled with 5 mL of NaCl solution (3.5 mg/L in 
deionized water) and crimp-capped. Pure methane or methane dilutions were added to a 
series of vials to prepare the calibration series. In some cases, methane dilutions were 
prepared volumetrically in Helium purged serum vials (Chemglass Inc). The calibration 
samples were allowed to equilibrate for 10 min after vigorous shaking before analysis 
with the GC-MSD. 
 
3.3.4 RNA/DNA extraction 
RNA was extracted from Sterivex filters using a modification of the mirVanaTM 
miRNA Isolation kit (Ambion).  Filters were thawed on ice, and RNA stabilizing buffer 
was expelled via syringe from Sterivex cartridges and discarded.  Cells were lysed by 
adding Lysis buffer and miRNA Homogenate Additive (Ambion) directly to the 
cartridge.  Following vortexing and incubation on ice, lysates were transferred to 
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RNAase-free tubes and processed via acid-phenol:chloroform extraction according to the 
kit protocol.  The TURBO DNA-free™ kit (Ambion) was used to remove DNA, and the 
extract was purified using the RNeasy MinElute Cleanup Kit (Qiagen).  
DNA was extracted from Sterivex filters using a phenol:chloroform protocol.  
Cells were lysed by adding lysozyme (2 mg in 40 µl of lysis buffer per filter) directly to 
the Sterivex cartridge, sealing the caps/ends, and incubating for 45 min at 37ºC.  
Proteinase K (1 mg in 100 µl lysis buffer, with 100 µl 20% SDS) was added, and 
cartridges were resealed and incubated for 2 hours at 55oC.  The lysate was removed, and 
DNA was extracted once with Phenol:Chloroform:Isoamyl Alcohol (25:24:1) and once 
with Chloroform:Isoamyl Alcohol (24:1) and then concentrated by spin dialysis using 
Ultra-4 (100 kDa, Amicon) centrifugal filters. 
 
3.3.5 16S gene quantitative PCR 
Quantitative PCR (qPCR) was used to count total bacteria and NC10-like 16S 
rRNA gene copies in DNA extracted from Sterivex filters.  Total 16S counts were 
obtained using SYBR® Green-based qPCR and universal bacterial 16S primers 1055f and 
1392r, as in Ganesh et al., 2015. Ten-fold serial dilutions of DNA from a plasmid 
carrying a single copy of the 16S rRNA gene (from Dehalococcoides mccartyi) were 
included on each qPCR plate and used to generate standard curves, with a detection limit 
of ~6 gene copies ml-1. Assays were run on a 7500 Fast PCR System and a 
StepOnePlus™ Real-Time PCR System (Applied Biosystems).  All samples were run in 
triplicate (20 µL each) and included 1X SYBR® Green Supermix (BIO-RAD), 300 nM of 
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primers, and 2 µL of template DNA (diluted 1:100).  Thermal cycling involved: 
incubation at 50°C for 2 min to activate uracil-N-glycosylase (UNG), followed by 95 °C 
for 10 min to inactivate UNG, denature template DNA, and activate the polymerase, 
followed by 40 cycles of denaturation at 95°C (15 sec) and annealing at 60°C (1 min). 
 Counts of NC10-like 16S rRNA genes followed the protocol of Ettwig et al., 
2009. Prior, to qPCR, DNA from the OMZ core at station 6 in the ETNP was screened 
using primers qP1F and qP2R, designed based on known NC10 sequences from 
freshwater habitats and flanking an ~200 bp region of the 16S rRNA gene, under the 
following thermal cycler conditions: initial melting for 3 min at 94°C, followed by 25 
cycles of denaturation at 92°C for 1 min, annealing at 55 °C for 1.5 min, and elongation 
at 72°C for 1.5 min, with a final elongation step at 72°C for 10 min.  Amplicons of the 
expected product size were detected via gel electrophoresis, purified, and cloned using 
the TOPO TA cloning kit (Life Technologies) according to manufacturer instructions.  
Sanger sequencing of a subset of clones revealed consistent sequences with top BLASTN 
matches to environmental NC10 clones in the GenBank database.  DNA from these 
clones was used as template for generating standard curves for qPCR screens of all 
samples.  NC10-specific 16S rRNA gene counts were obtained using SYBR® Green-
based qPCR and primers qP1F and qP2R, as in Ettwig et al., 2009.  Assays were run on a 
7500 Fast PCR System and a StepOnePlus™ Real-Time PCR System (Applied 
Biosystems). All samples were run in triplicate (20 µL each) and included 1X SYBR® 
Green Supermix (BIO-RAD), 300 nM of primers, and 2 µL of template DNA. Thermal 
cycling involved an initial denaturing step of 95°C for 3 min followed by 40 cycles of 
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95°C for 1 min, 63°C for 1 min, and 72°C for 1 min. After a final extension for 5 min at 
72°C, melting curve analysis was carried out at temperatures from 60°C to 95°C. 
 
3.3.6 pmoA PCR, cloning, sequencing, and phylogenetic analysis 
The pmoA gene encoding subunit A of particulate methane monooxygenase has 
been used extensively for phylogenetic characterization of methanotrophs. To confirm 
the presence of and to describe the diversity of the OMZ NC10-like community, pmoA 
was PCR-amplified from a subset of samples, cloned and sequenced, and used for 
phylogenetic analysis.  PmoA genes were amplified using nested PCR.  The first round of 
PCR used the primers A189b and cmo682 targeting anaerobic methanotroph pmoA, and 
was followed by a second PCR with primers cmo182 and cmo568 (see Luesken et al., 
2011 for primer sequences).  Thermal cycler conditions for both rounds of amplification 
were: 4 min at 94°C, followed by 35 cycles of denaturation at 94°C for 1 min, annealing 
at 52 °C for 1 min, and elongation at 72°C for 1.5 min, with a final elongation step at 
72°C for 10 min.  All PCR reactions were run with 45 µL Platinum® PCR SuperMix 
(Life Technologies), 1 µL of 10 µM forward primer, 1 µL of 10 µM reverse primer, 1 µL 
DNA template, and 2 µL sterile nuclease-free water.  PCR products were visualized on 
agarose gels to confirm the expected size range, and then purified and concentrated using 
the QIAquick PCR purification kit (Qiagen).   
Clone libraries of pmoA amplicons were constructed using the TOPO TA cloning 
kit (Life Technologies).  Purified PCR products were inserted into the pCR 2.1 TOPO 
Vector and transformed into One Shot TOP10 chemically competent E. coli cells.  Cells 
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were grown overnight at 37°C on LB plates containing 50 µg/mL ampicillin and spread 
with 40 µL of 50 mg/ml X-gaL. White colonies were selected and grown overnight in LB 
broth at 37°C.  Plasmids were then extracted from cultured cells using the PureLink 
Quick Plasmid Miniprep Kit (Life Technologies). PCR with M13 Forward and M13 
Reverse primers was used to confirm the presence and correct length of inserts.  Inserts 
were then purified using the QIAquick PCR Purification kit and sent to the Georgia 
Genomics Facility for Sanger sequencing on an Applied Biosystems 3730xl DNA 
Analyzer using BigDye Terminator v3.1 cycle sequencing (Life Technologies).  
The recovered pmoA nucleotide sequences were aligned (clustalW), revealing 3 
unique sequence variants out of 26 total clones analyzed from the ETNP, and 1 unique 
phylotype out of 2 clones analyzed from the GD.  Representatives of each variant were 
aligned using the software MEGA6 (Tamura et al., 2013) with environmental NC10-like 
pmoA sequences from Genbank, pmoA from the sequenced 'Ca. M. oxyfera genome, 
pmoA sequences from known aerobic methanotrophs, and Thaumarchaeota ammonia 
monooxygenase (amoA) sequences (outgroup).  Aligned nucleotides were trimmed to the 
maximum possible length spanning all sequences, translated into amino acids in MEGA 
(standard genetic code), yielding a final alignment of 88 sites and 53 unique sequences – 
GenBank Accession numbers of database sequences are provided in Extended Data Fig. 
3.  Aligned amino acids were used for phylogenetic reconstruction via maximum 
likelihood (ML) and neighbor-joining (NJ) methods using the Dayoff model bootstrapped 
at 1000 replicates, with uniform rates and complete deletion.  Both ML and NJ methods 
resulted in nearly identical topologies.  Only ML results are shown. 
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3.3.7 Transcriptome sequencing and analysis 
Community cDNA sequencing was used to characterize microbial gene 
transcription in biomass (Sterivex filter fraction) from a subset of OMZ samples.  From 
the ETNP, these included 2014 samples (n=5) from the lower oxycline (75 m) and OMZ 
core (300 m) at station 6, and the upper OMZ (100 m, secondary chlorophyll maximum), 
nitrite maximum (150 m), and OMZ core at station 10.  These data were analyzed along 
with five station 6 datasets generated previously as in Ganesh et al., 2015; 2013 datasets 
were collected on June 19th, 2013 and spanned the upper oxycline (30 m), lower oxycline 
(85 m), oxic-nitrite interface (91 m), secondary chlorophyll maximum (100 m), 
secondary nitrite maximum OMZ (125 m), and OMZ core (300 m) at station 6.  From the 
GD, metatranscriptomes were generated from the Sterivex filter fraction of samples from 
90, 100, and 120 m within the anoxic zone. 
Community RNA was prepared for sequencing using the ScriptSeqTM v2 RNA-
Seq Library preparation kit (Epicentre).  cDNA was synthesized from fragmented total 
RNA (rRNA was not removed) using reverse transcriptase and amplified and barcoded 
using ScriptSeq™ Index PCR Primers (Epicenter) to generate single-indexed cDNA 
libraries.  cDNA libraries were pooled and sequenced on an Illumina MiSeq using a 500 
cycle kit.  Sequence counts are listed in Extended Data Table 3.  
 Analysis of transcripts followed that of Ganesh et al., 2015. Barcoded sequences 
were de-multiplexed and low quality reads (Phred score < 25) were removed.  Paired-end 
sequences were merged using custom scripts incorporating the FASTX toolkit 
(http://hannonlab.cshl.edu/fastx_toolkit/index.html) and USEARCH algorithm, with 
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criteria of minimum 10% overlap and 95% nucleotide identity within the overlapping 
region.  rRNA transcripts were identified with riboPicker (Schmieder et al., 2012) (and 
taxonomically classified using open reference picking in the software pipeline QIIME 
v1.8.0 (Caporaso et al., 2010) according to standard protocols.  Merged non-rRNA 
sequences were queried via BLASTX against the NCBI-nr database (November 2013).  
To assess the representation and expressed gene content of NC10-like bacteria, 
transcripts with top matches to genes of Candidatus Methylomirabilis oxyfera were 
parsed with custom scripts, with representation expressed as a percentage of the total 
number of sequences with BLASTX matches (>bit score 50) to NCBI-nr genes (Fig. 
3.3A).  In addition, an ‘M. oxyfera’-like transcript pool was identified using the lowest 
common ancestor (LCA) criteria in MEtaGenome ANalyzer 5 (MEGAN5; Huson et al., 
2011), according to the NCBI taxonomy.  We present both top match and LCA results, as 
the LCA approach may underestimate the relative abundance of taxonomic groups with 
limited representation in sequence databases. The NC10 phylum is represented in nr by a 
single genome (Ca. M. oxyfera).  Using the LCA approach, slowly-evolving (conserved) 
genes with top matches to ‘M. oxyfera’ may match genes of other taxa at only marginally 
lower bit scores and therefore potentially be classified only to “Bacteria”.  In a separate 
analysis, recruitment of OMZ transcripts to 'M. oxyfera' was evaluated by BLASTX 
against the protein-coding portion of the genome.  Protein-coding transcripts with top 
matches to known methanogen-containing archaeal lineages also were determined using 
MEGAN5 based on annotations of BLASTX-identified genes. 
 
3.3.8 Assembly and phylogenetic analysis of qNor transcripts 
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For each metatranscriptome (n = 13), non-rRNA reads with top matches (bit score 
> 50) to ‘M. oxyfera’ via BLASTX against NCBI nr were assembled using the de novo 
assembler in CLC Genomics workbench 8 (http://www.clcbio.com), with a minimum 
contig length cutoff of 500 bp. Eight of 13 assemblies yielded contigs > 500 bp (n = 33 
total).  Protein-coding genes on these contigs were identified by BLASTX against NCBI 
nr.  The search identified two full-length genes (from samples 2014 ETNP Stn10 150 m 
and 2013 ETNP Stn6 300 m) with matches to ‘M. oxyfera’ nitric oxide reductases 
(NOR). The corresponding amino acid sequences were aligned with NOR sequences 
from Ettwig et al., 2012 via Multiple Alignment using Fast Fourier Transform (MAFFT). 
The alignment was trimmed manually and visually inspected for substitutions in quinol 
binding and catalytic sites.  The trimmed alignment, of 15 sequences spanning 520 aa, 
was used for phylogenetic analysis in MEGA6 by the Maximum Likelihood (ML) 
criterion.  ML heuristic searches used the Le and Gascuel substitution model with a 
discrete Gamma distribution to model rate differences among sites and initial tree(s) 
obtained by Neighbor-Joining based on pairwise distances estimated using a JTT model 
[model selection was done using the best-fit model selection tool in MEGA6].  The tree 
with the highest log likelihood, along with clade bootstrap values (1000 replicates), is 
shown in figure C.5. 
 
3.3.9 16S rRNA gene amplicon analysis 
We used 16S rRNA gene amplicon sequencing of 2013 ETNP and 2015 GD 
samples to explore the distribution of methanogens in the OMZ (Figure C.6) (Amplicon 
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samples from other ETNP sites were not available at the time of sequencing).  ETNP data 
from station 6 were reported in Ganesh et al., 2015; station 10 data have not been 
reported previously.  GD data were generated in this study.  Briefly, amplicons were 
synthesized using Platinum® PCR SuperMix (Life Technologies) with primers F515 and 
R806, encompassing the V4 region of the 16S rRNA gene (Caporaso et al., 2011).  These 
primers are used primarily for bacterial 16S rRNA genes analysis, but also amplify 
archaeal sequences.  Both forward and reverse primers were barcoded and appended with 
Illumina-specific adapters.  Thermal cycling involved: denaturation at 94°C (3 min), 
followed by 30 cycles of denaturation at 94°C (45 sec), primer annealing at 55°C (45 sec) 
and primer extension at 72°C (90 sec), followed by extension at 72°C for 10 min.  
Amplicons were analyzed by gel electrophoresis to verify size (~400 bp) and purified 
using RapidTip2 PCR purification tips (Diffinity Genomics).  Amplicons from different 
samples were pooled at equimolar concentrations and sequenced on an Illumina MiSeq 
using a 500 cycle kit with 5% PhiX as a control.   
Demultiplexed amplicon read pairs were quality trimmed with Trim Galore 
(Babraham Bioinformatics), using a base Phred33 score threshold of Q25 and a minimum 
length cutoff of 100bp. High quality paired reads were then merged using the software 
FLASH. These pre-processed merged reads were then analyzed using the software 
pipeline QIIME v1.8.043, according to standard protocols.  Briefly, reads were first 
screened for chimeras using QIIME’s identify_chimeric_seqs.py script with Usearch61. 
Non-chimeric sequences were clustered into Operational Taxonomic Units (OTUs) at 
97% sequence similarity using open-reference OTU picking protocol with the script 
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pick_open_reference_otus.py. Taxonomy was assigned to representative OTUs from each 
cluster using the Greengenes reference database (Aug 2013 release) in QIIME. 
 
3.3.10 Rate measurements 
Process rates were determined using stable isotope tracers (15N, 13C) added to 
incubations of seawater from stations 6, 8, and 10 in the ETNP and station 1 in the GD.  
All incubations followed procedures to minimize oxygen contamination, as described by 
De Brabandere et al., 2014. Water for incubations was taken directly from Niskin bottles 
or the PPS and transferred to 250 ml glass bottles. Bottles were overflowed (three volume 
equivalents) and sealed without bubbles with deoxygenated butyl rubber stoppers and 
stored in the dark at in situ temperature.  Amendments of 15NO2- + 13CH4 and 15NO2- + 
13CH4 + acetylene were conducted at all depths and all stations. Each bottle was spiked 
with 15N-labelled substrate, purged with a helium - carbon dioxide (800 ppm) mixture for 
approximately 20 minutes, dispensed into 12-ml exetainers (Labco, UK) using a slight 
overpressure, and immediately capped with deoxygenated lids.  Headspaces of 2 ml 
helium were introduced into each exetainer and flushed twice.  After headspace flushing, 
13CH4 (as gas or saturated water) and acetylene (as saturated water) additions were 
injected directly into each exetainer through the septum.  Final concentrations were 5 µM 
15NO2-, 1 µM 13CH4, and 200 µM acetylene.  For each treatment, duplicate exetainers 
were preserved with 100 µl of 50% (w/v) ZnCl2 at the start of the incubation, and again at 
18 and 36 hours at stations 6 and 8 and 24, 48, 96 and 240 hours at station 10 and station 
1 GD.  
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Production of 14N15N and 15N15N was determined using a gas-chromatography 
isotope ratio mass spectrometer (GC-IRMS), as in Dalsgaard et al., 2012. Rates were 
calculated based on the slope of the linear regression of 14N15N and 15N15N with time. T-
tests were applied to determine if rates were significantly different from zero (p < 0.05).  
The production of 13C-DIC from 13CH4 additions was determined following acidification 
by GC-IRMS, using the method outlined in Torres et al., 2005. The detection limit of this 
method was 0.6 nM d-1, based on two times the standard error. 
 
3.4 Results and Discussion 
Methane concentrations were elevated in the anoxic zone in both the ETNP and GD.  
In the ETNP, the highest concentrations, reaching ~26 nM at station 6, were located in a 
broad maximum at the center of the OMZ, at seawater densities of 26.7 to 27 kg m-3, and 
decreased with distance from shore, as well as above and below the OMZ (ca 2-8 nM; 
Figure 3.1). This pattern is in agreement with previous studies in the ETNP, 
hypothesizing that the CH4 maximum at the OMZ core, along an isopycnal of 26.8 kg m-
3, represents a CH4 plume advected offshore from organic rich sediments along the 
central American coast (Sansone et al., 2001; Pack et al., 2015).  The methane profile in 
the GD also suggested a sediment methane source, with concentrations at trace levels 
above the oxycline and increasing progressively with depth to ~78 nM at 180 m in the 
sulfidic bottom water.  Concentrations were ~6 nM at the GD nitrite maximum (100 m). 
PCR-based assays were used to identify and quantify NC10 bacteria.  Assays 
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followed established protocols using primers based on freshwater NC10 isolates and 
flanking a 200-bp fragment of the 16S rRNA gene (Ettwig et al., 2009). We tested the 
specificity of these primers using a subset of samples from the OMZ core in the ETNP 
(300 m, station 6).  Cloning and sequencing of PCR products revealed sequences with 
97% nucleotide similarity to Ca. M. oxyfera and 99% similarity to uncultured wetland 
NC10 clones.  Cloned products were used to generate standards for quantitative PCR 
counts of NC10 16S rRNA genes.  NC10 gene counts were low throughout the two study 
areas (< 200 copies ml-1) but higher counts were exclusively associated with anoxic 
depths while NC10 genes were undetectable or near the detection limit (6 copies ml-1) 
above and below the ETNP OMZ and above the GD OMZ (Figure 3.1). In the ETNP, 
counts increased with proximity to shore and peaked at ~0.02-0.05% of total 16S RNA 
gene counts within the OMZ (average: 0.015%).  At all stations, maximum counts 
occurred at 300-400 m, below the OMZ nitrite maximum and at the top of the OMZ 
methane-enriched layer (Figure 3.1), suggesting that in addition to anoxia, NC10 
distributions are linked to methane rather than organic flux from above, in which case 
counts would be predicted to peak higher in the OMZ core where organotrophic activity 
is highest (Babbin et al., 2014).  The percentage of NC10 counts in the GD was an order 
of magnitude smaller compared to the ETNP (average: 0.003% of total), peaking at 90 m 
(0.006%) at the top of the nitrite maximum and methane zone (Figure 3.1).  
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Figure 3.1 Water column chemistry and microbial biomass in the ETNP OMZ in 
May 2014 (a-e) and GD OMZ in January 2015 (f-j).  ETNP stations (colors) span a 
near shore (S6) to offshore (S11) gradient (Extended Data Fig. 1). a,f Dissolved oxygen, 
based on the SBE43 sensor (a) and Clark type O2 electrode (f), with an inset showing 
higher resolution STOX sensor measurements.  b,g, Methane.  c,h Nitrite.  d-j, Total (d,i) 
and NC10-specific (e,j) 16S rRNA gene counts, based on quantitative PCR analyses of 
the 0.2-1.6 µm biomass fraction.  Connecting lines between data points have been added 
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The function and diversity of the OMZ NC10 community was further examined by 
amplification and sequencing a 320-bp fragment of the pmoA gene encoding pMMO, 
which catalyzes the initial CH4-oxidation step in methanotrophy.  Amplification with 
NC10-specific primers (Luesken et al., 2011) recovered pmoA sequences from all OMZ 
samples within a targeted subset selected from both sites.  Phylogenetic analysis of 
cloned sequences (representing 28 clones: 26 from ETNP, 2 from GD) revealed four 
closely related phylotypes (3 from ETNP, 1 from GD) related to pmoA from NC10 
environmental clones and Ca. M. oxyfera (Figure 3.2, C.2), with highest similarity (98% 
amino acid identity) to sequences from anoxic, nitrite-rich sediments of the South China 
Sea (Chen et al., 2015), suggesting the potential for methane oxidation in OMZ NC10 












Figure 3.2 Particulate methane monooxygenase subunit A (PmoA) gene phylogeny.  
PmoA sequences (n=53) recovered from the ETNP and GD are highlighted in bold within 
the larger clade of NC10-like sequences from other studies, separated from PmoA of 
aerobic methanotrophic clades and an ammonia monooxygenase (AmoA) outgroup.  
Reconstruction is based on Maximum Likelihood analysis of 88 amino acids using the 
Dayhoff substitution model.  Bootstrap values greater than 70 are shown, along with 
NCBI Accession numbers for database sequences.  Numbers in parentheses represent the 
number of unique sequences included in each collapsed node – Taxon identifiers and 
Accession numbers for all sequences are in Extended Data Fig. 3.  The scale bar 
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Metatranscriptomes confirmed that NC10-like bacteria are metabolically active 
within OMZs (Figure 3.3).  Community RNA from 5 ETNP samples (stations 6 and 10, 
2014) and 3 GD samples from upper and core anoxic zone depths was used to create 
cDNA libraries and shotgun sequenced using Illumina technology.  These sequence sets 
were analyzed along with 5 datasets spanning the oxic zone and OMZ at ETNP station 6 
in June 2013; the latter were generated in a prior study using the same methods (Ganesh 
et al., 2015) and reanalyzed here.  The relative abundance of rRNA transcripts classified 
as NC10 varied widely and increased with decreasing oxygen, peaking at the ETNP core 
(300 m) and at 90 m in the GD (Figure C.3), consistent with the depths of maximum 
NC10 16S gene counts (Figure 3.1).  The inverse relationship with oxygen was clearest in 
the 2013 ETNP data, in which ‘M. oxyfera’ representation increased from below 
detection in the oxic zone (30 m) to 0.02% of total rRNA transcripts at the OMZ core 
(300 m).  For all samples, BLASTX against the NCBI non-redundant (nr) protein 
database identified mRNA transcripts with top matches to the Ca. M. oxyfera genome 
(Figure 3.3A).  These trends were supported when BLASTX-identified mRNA transcripts 
were assigned taxonomy based on a lowest common ancestor (LCA) algorithm (Figure 
C.4).  However, the abundance of ‘M. oxyfera’-like transcripts was lower using the LCA 
approach, likely due to limited representation of NC10 in the nr database, which could 
prevent accurate assignment of slowly evolving genes. ‘M. oxyfera’-like mRNA 
transcripts varied widely in relative abundance and, with the exception of the 150 m 
sample from ETNP station 10, paralleled the distribution of NC10 rRNA transcripts (Fig. 
3), increasing with declining oxygen and peaking at ~0.1% of total mRNA transcripts in 
the ETNP OMZ.  Based on top BLAST matches, queries against NCBI-nr identified 210 
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unique ‘M. oxyfera’ genes across all ETNP samples (range: 2-113 per sample), with an 
average amino acid identity (AAI) of 66% to matching OMZ transcripts, and 33 genes 
across GD samples (average AAI: 57%).  These AAI values fall within the genome-wide 
range observed for bacteria categorized in the same genus, although lower values have 














 Figure 3.3 Transcription of denitrification-dependent AOM genes in the ETNP 
(a,b) and GD OMZs (c,d).  a,c Abundances of transcripts with top matches (bit score > 
50) to Candidatus M. oxyfera genes during BLASTX against the NCBI-nr database, as a 
% of the total number of mRNA transcripts in each sample.  b,d % abundances of ‘M. 
oxyfera’-like transcripts matching genes of the proposed pathway for denitrification-
dependent AOM (diagram modified from (Wu et al., 2011, Wu et al., 2012).  Data in b 
and d were binned over all samples shown in a and c, respectively, with abundance 
colored as a percentage of the total mRNA transcripts matching ‘M. oxyfera’ genes.  nar 
= nitrate reductase, nir = nitrite reductase, nor = nitric oxide reductase, mdh = methanol 
dehydrogenase, pmo = particulate methane monooxygenase, bc1 = cytochrome bc1 
complex, ndh = NAD(P)H dehydrogenase complex, Q = coenzyme Q, hao = 
hydroxylamine oxidoreductase.  Light gray shows potential non-specific oxidation of 
ammonium by pmo, followed by detoxification of hydroxylamine to nitrite by hao.  


















































































Genes with predicted roles in dissimilatory N transformations in NC10 were detected 
among 'M. oxyfera’-like transcripts assignable by both top match and LCA approaches 
(Figure 3.3, Figure C.4).  These included genes for reduction of nitrate to nitrite (narGH), 
nitrite to NO (nirS), and NO to N2O (norZ).  Two norZ genes, encoding quinol-dependent 
nitric-oxide reductases (qNor), were the most abundant sequences, together representing 
45% of all transcripts with top matches to 'M. oxyfera' and 51% of transcripts assignable 
by LCA.   For two samples (ETNP station 6, 300 m (2013) and station 10, 150 m (2014)), 
assemblies of qNor transcript fragments yielded full-length gene sequences.  These 
sequences clustered unambiguously in a clade of unique qNor variants (bootstrap = 100; 
Figure C.5), including loci DAMO_2434 and 2437 of the ‘M. oxyfera’ genome.  N2O 
does not appear as an intermediate during nitrite reduction in 'M. oxyfera' enrichments3 
and it has been hypothesized that the qNor encoded by DAMO_2434 and 2437 functions 
not as a traditional N2O-producing NO reductase but instead as a NO dismutase (NOD) to 
convert two NO molecules to N2 and O2 (Ettwig et al., 2012). Indeed, DAMO_2434 and 
2437 have substitutions at key residues in both the quinol-binding and catalytic sites 
(Ettwig et al., 2012).  The qNor sequences recovered in the ETNP also lack conservation 
of the canonical quinol-binding motif and contain catalytic site substitutions identical to 
those of DAMO_2434 and 2437.  The identification of these candidate NODs raises the 
possibility of nitrite-dependent O2 production in the OMZ. 
The 'M. oxyfera' transcript pool from the ETNP also contned sequences suggestive of 
methane oxidation by n-damo, including the methane-oxidizing pmo enzyme, although 
these were at low abundance (<1% of total ‘M. oxyfera’ reads; Fig. 3) and not detectable 
via LCA.  All detected pMMO transcripts matched ‘M. oxyfera’ pmo as a top BLASTX 
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hit; pmo transcripts matching aerobic methanotrophs were not detected.  In contrast, ‘M. 
oxyfera’-like pmo was not detected in the GD datasets.  Rather, transcripts most similar 
to both soluble and particulate MMO of putative aerobic methylotrophs were recovered 
in the upper depths of the GD (90, 100 m), despite anoxic conditions at these depths.  The 
pmo enzyme is related structurally to ammonia monooxygenase and may function non-
specifically to oxidize ammonia to toxic hydroxylamine, which in other methanotrophs is 
then detoxified by hydroxylamine oxidoreductase (hao) (Stein et al., 2011).  
Interestingly, transcripts matching ‘M. oxyfera’ hao were highly represented in both 
ETNP and GD OMZs (Figure 3.3, Figure C.4), raising the possibility of ammonia 
oxidation by the resident NC10 population.  Other ‘M. oxyfera’ genes of the predicted n-
damo pathway were not identified via queries against NCBI-nr, but were detected by 
BLASTX directly against the ‘M. oxyfera’ genome.  Many of the identified genes shared 
high amino acid identity (>65%) to OMZ transcripts, including genes for methanol 
dehydrogenase (mdh) catalyzing the second step of methane oxidation and genes of the 
Calvin-Benson cycle mediating carbon fixation in NC10 bacteria.  Although our analyses 
do not localize OMZ ‘M. oxyfera’-like genes to a contiguous genome, they confirm that 
key genes for n-damo are present and transcribed in OMZs, indicating that resident NC10 
bacteria are metabolically active and likely mediating OMZ N transformations.  
However, overall low levels of NC10-assigned transcripts involved in methane oxidation 
raise the question of whether the OMZ NC10 population also utilizes energy substrates 
other than methane.  Alternatively, low representation of specific transcripts may be due 
to misclassification, which is possible if the OMZ NC10 population is sufficiently 
divergent from the ‘M. oxyfera’ reference.   
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To search for a distinct biogeochemical indication of n-damo activity, we conducted 
anoxic 10-day incubations of OMZ water with 13C-labeled methane and 15N-labeled 
nitrite to measure rates of anaerobic methane oxidation and N2 production.  At all 
analyzed depths in the ETNP (100, 150, and 300 m at station 10), methane oxidation 
measurements were below the detection limit (0.6 nM d-1; Table 3.1).  Rates at two of the 
three analyzed depths in the GD (100, 120 m) also were below detection.  Such low rates 
are consistent with published rates from the ETNP of typically ≤ 0.1 nM d-1 (range 7 x 
10-5 – 1.6 nM d-1; aerobic and anaerobic oxidation not discerned described in Pack et al., 
2015) and with the low NC10 16S rRNA gene counts observed at both GD and ETNP 
sites, which would correspond to rates < 0.02 nM d-1 assuming specific rates similar to 
those determined in enrichment cultures (0.09 – 0.2 fmol CH4 per 16S rRNA gene copy 










Table 3.1 Process rates*, as measured during 10-day anoxic incubations. 
 
*All rates are nM d-1, with errors representing the standard error of the slope of regression of 
produced 15N-N2 or 13C-DIC as a function of time.   
† 15N-N2 production was not partitioned into anammox and denitrification, due to the likely 
dilution of the labeled nitrite pool as a result of dissimilatory nitrate reduction to nitrite over the 
10-day incubation period.  
‡ The detected N2 production rates under acetylene in the GD are likely residual denitrification 




















ETNP	 100	m	 1.1±0.5	 <0.6	 <0.5	 <0.6	
	 150	m	 0.4±0.1	 <0.6	 <0.5	 <0.6	
	 300m	 13.8±1.8	 <0.6	 <0.5	 <0.6	
GD	 90	m	 151.9±39.7	 2.6±0.7	 7.8±2.3	 <0.6	
	 100	m	 192.7±19.8	 <0.6	 3.7±1.0	 <0.6	
	 120	m	 431.9±79.8	 <0.6	 6.9±0.7	 <0.6	
 
*All rates are nM d-1, with errors representing the standard error of the slope of regression of produced 
15N-N2 or 13C-DIC as a function of time.   
† 15N-N2 production as not partitioned into anam ox and denitrification, due to the likely dilution of the 
labeled nitrite pool as a result of dissimilatory nitrate reduction to nitrite over the 10-day incubation 
period.  
‡ The detected N2 production rates under acetylene in the GD are likely residual denitrification59   
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In contrast, at 90 m in the GD, the depth of maximum NC10 gene abundance, 
methane oxidation was measured at 2.6 ± 0.7 nM d-1 but was inhibited under identical 
conditions with the addition of acetylene, an inhibitor of pmo.  Although oxygen 
concentration was not continuously recorded during these incubations, prior analyses 
indicate that oxygen content stays below 80 nM using our incubation protocol (Ganesh et 
al., 2015).  Together, these results raise the possibility of OMZ methane consumption by 
pmo-catalyzed AOM, and therefore potentially n-damo.  However, the activity of pmo-
utilizing aerobic methanotrophs in this study remains unconstrained, but is suggested by 
the recovery of MMO transcripts from putative aerobic methylotrophs at this depth.  
Similar co-occurrence of NC10 and aerobic methanotrophs has been documented 
previously in a lake hypolimnion (Kojima et al., 2014). Although rates of aerobic 
methane oxidation generally decrease sharply under sub-micromolar oxygen 
concentrations (Ren et al., 1997; Gerritse et al., 1993; van Bodegom et al., 2001), a 
contribution of aerobic methanotrophy to the oxidation rates observed in the upper GD 
cannot be ruled out based on previous studies suggesting aerobic methane oxidation 
(Tavormina et al., 2010) and/or a combined use of oxygen and nitrate (Kits et al., 2015) 
can occur in sub-oxic environments. 
Given a predicted 4:3 ratio of N2 production to CH4 oxidation during n-damo (Ettwig 
et al., 2010), the low methane oxidation rates observed in most OMZ samples indicate a 
minor contribution of n-damo to N2 production in the OMZ compared to denitrification 
and anammox.   Contributions from denitrification and anammox peaked at 0.3 – 2 nM d-
1 and 1 – 5 nM d-1, respectively, at nearby stations 3 and 7 in the ETNP and 8 nM d-1 and 
115 nM d-1 respectively, at station 1 in the GD (Figure C.1), consistent with previous 
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measurements from these regions (Ganesh et al., 2015; Dalsgaard et al., 2003; Babbin et 
al., 2014), with the differences between sites reflecting the coastal and offshore locations.  
The conversion rates of 15N-labeled nitrite to N2 in our 10-day methane oxidation assays 
(0.4 to 13.8 nM d-1 for the ETNP, 152 to 432 nM d-1 for the GD; Table 3.1) were broadly 
consistent with these ranges, although the long incubation may have caused a stimulation 
of activity through bottle effects (Thamdrup et al., 2006).  If coupled to oxidative 
processes other than methane oxidation, NO dismutation could make a larger contribution 
to N2 production than suggested by our estimates.  
These combined molecular and biogeochemical data identify marine OMZs as an 
unrecognized niche for NC10 bacteria potentially conducting n-damo.  Here, the 
detection of NC10 in both open-ocean and coastal OMZs suggests that these bacteria are 
widespread in low oxygen pelagic zones.  Prior studies have reported sulfate-dependent 
ANME archaea in anoxic water columns (Jakobs et al., 2013), and this group may be the 
dominant AOM community in waters replete with sulfate and devoid of nitrite.  
However, the unique conditions of nitrite accumulation common in anoxic OMZs may 
enable n-damo to effectively compete for available methane.  Additionally, n-damo may 
have a competitive advantage over ANME under the low methane concentrations of 
pelagic OMZs, as the affinity of pMMO for methane is generally orders of magnitude 
higher than that of methyl-coenzyme M reductase, the methane-activating enzyme of 
methanotrophic archaea (Baani et al., 2008; Nauhaus et al., 2002; Smith et al., 1991; 
Ettwig et al., 2008). 
Coastal, shelf, or slope sediments may be a source of methane to OMZ waters 
(Sansone et al., 2001; Pack et al., 2015), but methane could potentially also be generated 
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internally by OMZ methanogens.  In support of this hypothesis, deep sequencing of 16S 
rRNA gene amplicons generated from 2013 ETNP (stations 6 and 10) and GD samples 
revealed sequences matching methanogenic Euryarchaeota.  These groups were 
undetectable at oxic depths (30 m), but increased along the transition into the OMZ to 
peak in relative abundance either at (ETNP) or just below (GD) the nitrite maximum 
(Figure C.6).  Similarly, methanogen rRNA transcripts in ETNP and GD 
metatranscriptomes increased in relative abundance as oxygen declined, accounting for 
~0.01-0.08% of all rRNA transcripts at OMZ depths.  Diverse mRNA transcripts with top 
matches to methanogens also were identified in metatranscriptome datasets (Figure C.6), 
including transcripts encoding steps of the classical pathway catalyzing CO2 reduction to 
methane (Reeve et al., 1997), although total counts of methanogenesis enzyme transcripts 
were low (<0.003% of mRNA sequences).  These results raise the possibility of active 
methanogens in OMZs and hence an internal anaerobic methane cycle coupled to 
denitrification.  
N2 production by NC10 bacteria would represent an overlooked third route of 
nitrogen loss in OMZs, along with classical denitrification and anammox.  The latter are 
undoubtedly the dominant OMZ N sinks, given the low methane oxidation rates observed 
here and the low NC10 bacterial numbers indicated by qPCR.  However, n-damo may 
substantially affect the oceanic OMZ methane inventory. In the ETNP, for example, at a 
methane concentration of 20 nM and NC10 16S rRNA gene abundance of 100 copies ml-
1 as found at the inshore stations (Figure 3.1), and assuming specific rates of 0.09 – 0.2 
fmol CH4 per 16S rRNA gene copy per day (Ettwig et al., 2009), we estimate a turnover 
time for methane of 2.7 – 6.1 years. This is similar to a recently estimated water age of 
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3.9 ± 0.8 years for the ETNP OMZ core (DeVries et al., 2012), which indicates that NC10 
bacteria may be as important as ventilation for controlling these large open-ocean 
methane pools. With a much shorter estimated water residence of 35 – 57 days 
(Ferdelman et al., 2006), the GD OMZ is a more dynamic system, which may explain the 
coexistence of NC10 bacteria with a large population of [putative] aerobic 
methanotrophs. Although the relative importance of these two populations to methane 
oxidation is not clear, the establishment of an NC10 population here emphasizes that n-
damo may also be active in other low-oxygen pelagic zones enriched in both methane and 
nitrogen oxides, including oil spills and seasonal hypoxic zones (deadzones). 
Additionally, the presence of NC10 in the OMZ raises the possibility for interactions with 
other metabolic pathways, including competition with anammox for nitrite, or potentially 
for ammonia if NC10 monooxygenases act nonspecifically.  Understanding the diversity 
and dynamics of coupled chemical cycles in low-oxygen waters is critical, as zones of 
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Diverse planktonic microorganisms play a crucial role in mediating methane flux 
from the ocean to the atmosphere.  The distribution and composition of the marine 
methanotroph community is determined partly by oxygen availability.  The low oxygen 
conditions of oxygen minimum zones (OMZs) may select for methanotrophs that oxidize 
methane using inorganic nitrogen compounds (e.g., nitrate, nitrite) in place of oxygen.  
However, environmental evidence for methane-nitrogen linkages in OMZs remains 
sparse, as does our knowledge of the genomic content and metabolic capacity of 
organisms catalyzing OMZ methane oxidation.  Here, binning of metagenome sequences 
from a coastal anoxic OMZ recovered the first near complete (95%) draft genome 
representing the methanotroph clade OPU3.  Phylogenetic reconstruction of concatenated 
single copy marker genes confirmed the OPU3-like bacterium as a divergent member of 
the type Ia methanotrophs, with an estimated genome size half that of other sequenced 
taxa in this group.  The proportional abundance of this bacterium peaked at 4% of the 
total microbial community at the top of the anoxic zone in areas of nitrite and nitrate 
availability but declining methane concentrations.  Genes mediating dissimilatory nitrate 
and nitrite reduction were identified in the OPU3 genome, and transcribed in conjunction 
with key enzymes catalyzing methane oxidation to formaldehyde and the ribulose 
monophosphate (RuMP) pathway for formaldehyde assimilation, suggesting partial 
denitrification linked to methane oxidation.  Together, these data provide the first field-
based evidence for methanotrophic partial denitrification by the OPU3 cluster under 




Methane (CH4) is a potent greenhouse gas with 25 times the warming potential per-
mol compared to CO2 (IPCC 2013).  The oceans contribute up to 4% of annual global 
methane emissions (Kirschke et al., 2013), with the sea-to-air flux of methane determined 
largely by the balance of methane production and consumption by marine microbes.  
Methane production has been observed under both oxic and anoxic conditions, although 
the mechanisms of production differ, via either archaeal methanogenesis in sediments 
(Reeburgh, 2007; Valentine, 2011) or aerobic catabolism of methylated phosphorous-
containing compounds (Karl et al., 2008; Damm et al., 2010; Carini et al. 2014).  
Likewise, the metabolic pathways used to consume methane include both aerobic 
methanotrophy and anaerobic oxidation of methane (AOM). The latter process is 
mediated by prokaryotes using alternative oxidants such as sulfate (SO42-) (Knittel and 
Boetius, 2009) or through the putative generation of intracellular oxygen from nitrate 
(NO3-) and nitrite (NO2-) (Raghoebarsing et al., 2006; Ettwig et al., 2010). While marine 
methanotrophy has been studied extensively over the past decades (Reeburgh, 2007; 
Valentine, 2011), the variables controlling the diversity, distribution, and activity of the 
dominant pelagic methanotrophs are still not well understood, and genomic data for the 
diverse members of the marine methanotroph community remains sparse. 
Oceanic oxygen minimum zones (OMZs) may be important sites for pelagic 
methane cycling.  OMZs form at mid-water depths where heterotrophic respiration rates 
exceed the introduction of oxygen (Wyrtki, 1962; Helly and Levin, 2004; Wright et al., 
2012).  In the major OMZs of the Eastern Pacific, oxygen falls below the detection of 
modern sensors (Thamdrup et al., 2012; Tiano et al., 2014), creating anoxic conditions 
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dominated by anaerobic microbial metabolisms (Naqvi et al., 2010; Stewart et al., 2012; 
Ulloa et al., 2012). Notably, OMZs contribute up to half of oceanic nitrogen loss, 
primarily through the anaerobic processes of denitrification or anaerobic ammonia 
oxidation (anammox) (Codispoti et al., 2001; Thamdrup, 2012).  OMZs are also the 
largest pool of pelagic methane in the global ocean (Sansone et al., 2001), and represent 
potentially important sources of methane to the atmosphere (Naqvi et al., 2010).  Methane 
maxima in OMZs may be due either to advection from nearby sediments (Sansone et al., 
2001; Pack et al., 2015) or potentially from internal production by methanogenesis 
(Padilla et al., 2016), although the latter remains to be verified experimentally.  
Overlapping zones of elevated methane and oxidized nitrogen concentrations in OMZs 
suggest a pelagic niche for microbes conducting AOM coupled to reductive nitrogen 
transformations.  With OMZs predicted to expand with increasing seawater temperatures 
(Stramma et al., 2008; Long et al., 2016), characterizing methane-consuming microbial 
populations in OMZs is critical for understanding greenhouse gas and nutrient budgets 
during global warming.   
Diverse bacteria may be responsible for linking methane oxidation to pathways of 
nitrogen loss under anoxia.  A recent study confirmed that OMZs harbor transcriptionally 
active bacteria of the candidate division NC10 (Padilla et al., 2016), a group hypothesized 
to dismutate nitric oxide (NO) into N2 and O2 gas, with the latter used as the terminal 
oxidant in an intra-aerobic methanotrophy pathway (Ettwig et al., 2010).  Bacterial 
groups canonically associated with aerobic methanotrophy may also play a role in 
nitrogen loss by directly using nitrate or nitrite as terminal oxidants in AOM.  Evidence 
for these groups, predominantly of the gammaproteobacterial order Methylococcales, has 
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been found in both culture-dependent and -independent studies of diverse low oxygen 
environments (Kalyuzhnaya et al., 2013; Chistoserdova, 2015; Kits et al., 2015a,b; 
Danilova et al., 2016), including meromictic lakes (Biderre-Pettit et al., 2011; Blees et al., 
2013) and marine water columns (Hayashi et al., 2007; Tavormina et al., 2013).  Studies 
with isolates of two methanotrophic Methylococcales genera (Methylomonas and 
Methylomicrobium) show that hypoxic conditions stimulate denitrification to produce 
N2O accompanied by increased cellular ATP yields (Kits et al., 2015a,b).   Thus, such 
low oxygen-adapted methanotrophs may act as both a source of nitrous oxide and a sink 
for methane, depending on oxygen availability.  
It remains unclear whether similar physiological mechanisms are used by 
planktonic methanotrophs in natural OMZ communities.  While NC10 bacteria occur in 
OMZs, our prior work showing low NC10 abundance in a zone of comparatively high 
methane oxidation rates in a coastal OMZ suggests that other microbial players contribute 
to OMZ methanotrophy (Padilla et al., 2016).  Indeed, PCR-based surveys of the 
methanotroph marker gene particulate methane monooxygenase (pmo) have identified 
diverse marine clades of the Methylococcales, designated as operational pmo units 
(OPUs), as being widely distributed through pelagic and sediment low oxygen 
environments (Tavormina et al., 2008, 2010).  The OPU3 clade has been detected in a 
wide range of marine habitats, including the deep sea (Jensen et al., 2008; Lesniewski et 
al., 2012), methane seeps and oil spills (Wasmund et al., 2009; Tavormina et al., 2010; 
Kessler et al., 2011; Rivers et al., 2013), and OMZs (Hayaski et al., 2007; Tavormina et 
al., 2013).  These studies suggest a low-to-no oxygen niche for OPU3, with members of 
this group being particularly prevalent in Eastern Pacific OMZs (Tavormina et al., 2008, 
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2010, 2013; Kneif, 2015).  These OPU clades cluster apart from other denitrifying 
methanotrophs (Figure 4.1; Tavormina et al., 2008; Tavormina et al., 2010).  However, 
no information regarding the genomic capacities and in situ activity of these groups has 
been reported.  
Here, we report a near-complete genome from the OPU3 clade.  The genome was 
recovered by binning of metagenome sequences from the anoxic coastal OMZ in Golfo 
Dulce (GD), Costa Rica.  Like other anoxic OMZs, the GD anoxic, non-sulfidic zone is 
enriched in nitrite (~0.75 µM at the time of sampling) and supports an active anaerobic 
microbial community mediating nitrogen loss, notably through both the anammox 
process and denitrification (Dalsgaard et al., 2003).  As reported in Padilla et al. (2016), 
methane concentrations at the time of sampling for the current study increased with depth 
into the GD anoxic zone, from <5 nM at the base of the oxycline (~80 m) to >70 nM near 
the sediment-water interface (~190 m), suggesting methane efflux from sediments 
(Figure 4.2). In contrast, methane-oxidation rates were highest (2.6±0.7 nM d-1) at the top 
of the anoxic zone below the oxycline (90 m), but below detection deeper in the water 
column.  This pattern is consistent with the periphery of OMZs as sites of active methane 
consumption (Ward et al., 1989; Sansone et al., 2001; Naqvi et al., 2010; Pack et al., 
2015), potentially with methanotrophs at these transition depths adapted for both aerobic 
and anaerobic methane oxidation to accommodate fluctuation in oxycline depth or 
oxygen intrusions.  Here, metagenomic data, interpreted alongside 16S rRNA amplicon 
sequences and phylogenetic analyses, identify an OPU3 bacterium as a dominant member 
of the anoxic GD community.  Mapping of coupled mRNA transcripts to the OPU3 
genome provides the first environmental transcriptional evidence of methanotrophic 
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denitrification outside of the NC10 phylum in an OMZ, further confirming OMZs as key 










Figure 4.1 Methanotroph 16S rRNA gene phylogeny. Neighbor-joining phylogeny 
based on partial full-length 16S rRNA genes, with phylogenetic approximation of OTUs 
(colors) recovered from pooled gDNA and cDNA amplicon fragments assessed by 
parsimonious placement. Scale bar denotes nucleotide substitutions. Asterisks denote 
OTUs that were present at low abundance in non-rarefied datasets but lost when the 
datasets were subsampled to an even sequence depth. Bootstrap values ≥ 70 are 
displayed.   
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4.3 Materials and Methods 
4.3.1 Sample collection 
The collection of samples used in this study was described in Padilla et al. (2016).  
Briefly, discrete water samples from depths of 30, 60, 90, 100, 120, and 165 m were 
collected using a hand-deployed Niskin bottle in late January from a site at the northern 
head of the coastal basin of GD, Costa Rica (Figure D.1).  Microbial biomass was 
collected for molecular analysis by filtration of seawater (~1-3L) through a glass fiber 
disc pre-filter (GF/A, 47 mm, 1.6 µm pore-size, Whatman) and a primary collection filter 
(Sterivex™, 0.22 µm pore-size, Millipore) using a peristaltic pump immediately after 
recovery.  Filters were preserved in RNA stabilizing buffer (25 mM Sodium Citrate, 10 
mM EDTA, 5.3M Ammonium sulfate, pH 5.2), flash-frozen in liquid nitrogen, and stored 
at -80°C.  Replicate filters for DNA analysis were collected from similar water volumes 
following RNA collection, preserved with lysis buffer (50mM Tris-HCl, 40 mM EDTA, 
0.73 M Sucrose), and stored at -80°C.  Dissolved oxygen concentrations were measured 
with a Clark-type O2 electrode (Revsbech, 1989) mounted on a hand-deployed CTD (Sea 
Sun Technology).   
 
4.3.2 Chemical analysis 
Nitrite and dissolved methane concentrations at the time of biomass collection were 
first reported in Padilla et al. (2016) and are presented again here for context (Figure 4.2). 
Samples for nitrate were filtered (0.45 µm cellulose acetate) and frozen until analysis. 
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Concentrations of nitrate + nitrite were determined using chemiluminescence after 
reduction to nitric oxide with acidic vanadium (III) (Braman and Hendrix, 1989). 
 
4.3.3 DNA extraction 
DNA was extracted from Sterivex filters (>0.2 µm biomass size fraction) using a 
phenol:chloroform protocol.  Cells were lysed by adding lysozyme (2 mg in 40 µl of lysis 
buffer per filter) directly to the Sterivex cartridge, sealing the ends, and incubating for 45 
min at 37°C.  Proteinase K (1 mg in 100 µl lysis buffer, with 100 µl 20% SDS) was 
added, and cartridges were resealed and incubated for 2 hours at 55°C.  The lysate was 
removed, and the DNA was extracted once with phenol:chloroform:isoamyl alcohol 
(25:24:1) and once with chloroform:isoamyl alcohol (24:1) and then concentrated by spin 
dialysis using Ultra-4 (100 kDA, Amicon) centrifugal filters. 
 
4.3.4 RNA extraction 
RNA was extracted from Sterivex filters using a modification of the mirVana™ 
miRNA Isolation kit (Ambion).  Filter cartridges were thawed on ice, RNA stabilizing 
buffer was then expelled and discarded, and cells were lysed by adding Lysis buffer and 
miRNA Homogenate Additive (Ambion) directly to the cartridges.  Following vortexing 
and incubation on ice, lysates were transferred to RNAase-free tubes and processed via 
acid-phenol:chloroform extraction according to the kit protocol. The TURBO DNA-
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free™ kit (Ambion) was used to remove DNA, and the extract was purified using the 
RNeasy MinElute Cleanup Kit (Qiagen). 
 
4.3.5 16S rRNA gene and transcript analysis 
Fragments of the 16S rRNA molecule were analyzed to assess the taxonomic 
composition in both the community DNA (gDNA) and RNA (cDNA) pools.  gDNA 
amplicon data was generated previously (Padilla et al. 2016) and re-analyzed here to 
focus on the methanotrophic community.  cDNA amplicon data was generated in this 
study, as follows.  Approximately 50 ng of RNA from each sample was reverse 
transcribed into cDNA using the Superscript First-Strand synthesis system for RT-PCR 
(Invitrogen), following protocols of Campbell et al. (2008).  Amplicon generation and 
sequencing was done using an established pipeline in our lab (e.g., Padilla et al., 2015, 
2016).  Briefly, amplicons were synthesized using Platinum® PCR SuperMix (Life 
Technologies) with primers F515 and R806, encompassing the V4 region of the 16S 
rRNA gene (Caporaso et al., 2011).  Both forward and reverse primers were barcoded 
and appended with Illumina-specific adapters according to Kozich et al. (2013).  Equal 
amounts of cDNA were used for each PCR reaction to avoid biases due to variable 
template concentrations (Kennedy et al., 2014).  Thermal cycling involved: denaturation 
at 94°C (3 min), followed by 30 cycles of denaturation at 94°C (45 sec), primer annealing 
at 55°C (45 sec) and primer extension at 72°C (90 sec), followed by extension at 72°C for 
10 min.  Amplicons were analyzed by gel electrophoresis to verify size (~400 bp, 
including barcodes and adaptor sequences) and purified using the Diffinity RapidTip2 
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PCR purification tips (Diffinity Genomics, NY).  Amplicons from different samples were 
pooled at equimolar concentrations and sequenced on an Illumina MiSeq using a 500-
cycle kit.  
For both gDNA datasets (from Padilla et al. 2016) and cDNA datasets (this study), 
barcoded sequences were de-multiplexed, trimmed (length cutoff 100 bp), and filtered to 
remove low quality reads (average Phred score < 25) using Trim Galore! 
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).  Paired-end reads 
were then merged using FLASH (Magoč and Salzberg, 2011), with program parameters 
of a minimum average length of 250 nt for each read, minimum average length of 300 nt 
for paired read fragments, and a maximum allowable fragment standard deviation of 30 
nt. The number of trimmed and merged reads per sample ranged from 3,844 – 95,351 for 
both gDNA and cDNA amplicon pools. Chimeric sequences were detected by reference-
based searches using USEARCH (Edgar 2010) against the SILVA rRNA database 119.  
Amplicon sequences were then processed using ‘UPARSE’ as implemented in 
USEARCH.  Briefly, sequences were dereplicated, sorted by size, and clustered into 
operational taxonomic units (OTUs) at 97% sequence similarity. Sequences from all 
samples were then mapped back to the OTU file using ‘usearch_global’, and 
sample/OTU matrices were produced from the resulting output with the python script 
‘uc2otutable.py’. Methanotrophic sequences were identified in the amplicon OTUs by 
BLASTN against SILVA 119, followed by keyword parsing to identify all sequences 
matching a known methanotroph-containing genus.  Top database matches (hits) to these 
sequences were also identified via BLASTN against the nt database.  The SINA aligner 
with the ARB output designation was used to align sequences representing all identified 
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putative methanotroph OTUs in our data (n=11; both gDNA and cDNA amplicons 
pooled), the sequences most closely related to these OTUs via BLASTN, and the 
methanotrophs isolated in culture in Knife et al. (2015). The resulting “.arb” file was 
imported into ARB (Ludwig et al. 2004)). A reference phylogenetic tree was compiled 
using near full-length sequences (1300 bp or greater) with the Feldstein correction, a 
custom filter based on the associated nucleotide-alignment, and bootstrap support of 1000 
re-samplings. Short sequences (1300 or less), including the amplicon sequences, were 
then inserted into the near full-length reference tree using the parsimony tool in the ARB 
environment.  Proportional abundances of identified methanotroph OTUs (Figure 4.2) 
were calculated after rarefaction based on the sample with the lowest number of reads 
(3,844 reads) for both gDNA and cDNA.  In rarefying the data some OTUs that were 
either in low abundance or unique to specific samples were removed; their contribution to 
the total (all samples) community is expected to be negligible. 
4.3.6 Metagenome (DNA) sequencing 
A single depth, 90 m at the peak of measured OMZ methane oxidation rates 
(Padilla et al. 2016) and methanotroph abundance based on amplicon sequence data, was 
selected for metagenome sequencing.  Community DNA was processed using the Nextera 
XT DNA Sample Prep kit and sequenced using a paired-end Illumina MiSeq 600 kit. 
 
4.3.7 Metatranscriptome (cDNA) sequencing 
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Metatranscriptomes from three depths within the anoxic zone (90, 100, 120 m) 
were analyzed to assess methanotroph transcriptional activity. Three datasets representing 
these depths were generated previously (Padilla et al. 2016) and were reanalyzed in this 
study.  To increase the number of sequences representing the methanotroph-enriched 90 
m depth, a fourth dataset was generated using an aliquot of the total RNA used in Padilla 
et al. (2016).  For this aliquot, the Ribo-Zero™ rRNA Removal Kit for bacteria 
(Epicentre) was used to deplete ribosomal RNA (rRNA) sequences prior to sequencing.  
rRNA was not depleted from the RNA aliquots used to generate the Padilla et al. (2016) 
datasets.  For all samples, cDNA was prepared for sequencing using the ScriptSeq™ v2 
RNA-Seq Library preparation kit (Epicentre) and sequenced on an Illumina MiSeq using 
a 500 cycle kit.  
 
4.3.8 Metagenomic analysis 
Sequences were trimmed using the same methods as described above for the 
amplicon analysis.  Quality trimmed forward and reverse sequences were merged and 
assembled into contigs using SPAdes 3.7.0 (Nurk et al., 2013) with the ‘-meta’ option.  
The number of contigs, contig length, GC content, N50, and L50 assembly statistics were 
calculated with metaQUAST (Mikheenko et al., 2015).  Contigs ≥ 500 nt were organized 
into genome bins based on tetranucleotide frequency and sequence coverage using 
MaxBin 2.0 (Wu et al., 2016).  Bin completeness and contamination levels were 
estimated based on the representation of lineage-specific marker gene sets using CheckM 
(Parks et al., 2014).  For each bin with ≥ 50% completeness and ≤ 10% contamination, 
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the program Prodigal (Hyatt et al., 2010) was used to predict open reading frames 
(ORFs).  Predicted ORFs were queried via BLASTP against the NCBI-nr database (April 
2016) (criteria for a significant match: amino acid ID ≥ 40% over ≥ 70% of the 
alignment, and bit score ≥ 50) and assigned to a prokaryotic KEGG Orthology (KO) 
identifier (Kanehisa and Goto, 2000) using the MetaGenome Analyzer 5 (MEGAN5; 
Hudson et al., 2011), with taxonomic classification in MEGAN5 via the Lowest Common 
Ancestor (LCA) algorithm based on the NCBI taxonomy using the default settings.  
Annotations are reported in Supplementary Tables 4 and 5.   
Based on high completeness and low contamination (see below), a single bin (bin 
010) taxonomically affiliated with OPU3-like Methylococcales bacteria was selected for 
comparative analysis. The identity of this bin was further confirmed based on 
phylogenetic analysis of 107 concatenated single copy marker genes present in this bin 
and in the genomes (n=36) of known methanotrophic taxa from the 
Gammaproteobacteria, Alphaproteobacteria, Verrucomicrobia, and the NC10 candidate 
phylum. Marker genes were identified using Hidden Markov Models (HMMs) via 
HMMER3 (http://hmmer.janerlia.org/; Finn et al., 2011) with default settings.  Identified 
genes were aligned using clustalW (Sievers et al., 2011), then concatenated using the 
alignment tool ‘Aln.cat.rb’ in the enve-omics package (Rodriguez and Konstantinidis, 
PeerJ, Preprints). The resulting alignment was inspected manually for errors and then 
used to generate a maximum likelihood phylogeny inferred with the Dayhoff substitution 
model with 100 bootstrap iterations using MEGA6 (Tamura et al., 2013). For each 
genome in the phylogeny, the presence/absence of key genes of dissimilatory and 
assimilatory nitrogen metabolism was evaluated via BLASTX using the KEGG 
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Automated Annotation Server (KAAS).  Each genome was individually assessed with the 
bi-directional best-hit option on default settings and the results were manually searched 
for subunits of nitrogen metabolism genes, with the results (presence/absence) mapped 
onto the concatenated marker gene phylogeny.  Gene content in bin 010 relative to the 36 
other gammaproteobacterial methanotroph genomes included in this analysis was 
evaluated via reciprocal BLASTP using the two-way amino-acid identity script in the 
enve-omics packages (Konstantinidis and Tiedje, 2005) with a bit score threshold of 50, 
and match criteria of >35% amino acid identity over >65% of each gene. 
Phylogenetic analysis was used to further examine the taxonomic affiliation of 
key genes of the denitrification process recovered in bin 010: narG and nirK.  The amino 
acid sequence from each gene was aligned against a representative sequence set, 
identified based on top BLASTP results, using MUSCLE with default settings (Edgar, 
2004).  The alignments were manually inspected and used to generate maximum 
likelihood phylogenies using MEGA6.0 with the Dayhoff substitution model and 1000 
bootstrap iterations.  To further characterize taxonomic affiliations, the taxonomic 
annotation of all genes occurring on the same contig as key marker genes of 
denitrification and methanotrophy (nar, nir, pmo) was determined via BLASTX against 
NCBI-nr (Figure D.2). 
 
4.3.9 Metatranscriptome analysis 
Reads were filtered by quality and merged as described above.  The program 
ribopicker (Schmieder et al., 2012) was used to remove rRNA sequences from 
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metatranscriptome datasets.  To characterize the transcript pool affiliated with the OPU3 
genomic bin described above, transcripts were mapped to bin 010 ORFs using BLASTX 
with match criteria of >90% amino acid identity over >60% of the transcript length and 
bit score >50. To compare transcript levels among bin 010 ORFS, the number of 
transcripts with significant BLASTX matches per ORF was normalized to variation in 
ORF length, and then expressed as a proportion of total transcripts mapping to bin 010. 
To also characterize the transcript pool at the community level, merged non-rRNA 
datasets were queried via DIAMOND (Buchfink et al., 2015) against the NCBI-nr 
database (April 2016) using the sensitive search setting.  DIAMOND-identified protein-
coding transcripts were assigned to functional categories as above based on Kegg 
Ortholog (KO) identifiers and taxonomically classified according to the NCBI taxonomy 
using the LCA algorithm in MEGAN5.  Transcript counts per KO were normalized to the 
total number of mRNA transcripts assigned to a prokaryotic KO.  To show variations in 
contributions of bin 010 to community mRNA transcription with depth, the number of 
transcripts with significant BLASTX matches to bin 010 ORFs was expressed as a 
proportion of total prokaryotic mRNA transcripts assignable to a KO.   
All sequence data, including the bin 010 assembly, have been submitted to the 
Sequence Read Archive at NCBI under the following BioProject ID’s: PRJNA328797 
and PRJNA277357. 
 
4.4 Results and discussion 
4.4.1 Methanotroph community composition and transcription 
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Deep-coverage sequencing of 16S rRNA gene (gDNA) and transcript (cDNA) 
amplicons revealed an abundant, diverse, and active methanotroph community in the 
Golfo Dulce OMZ. All sequences that matched putative aerobic methanotrophs were 
classified as type Ia Gammaproteobacteria methanotrophs.  Across all depths, 11 OTUs 
from the gDNA dataset were identified as Methylococcales by BLASTN.  Eight of these 
OTUs remained after rarefaction (3,844 reads) of the total gDNA and cDNA amplicon 
pools.  Phylogenetic analysis classified these eight OTUs as most closely related to 
methanotrophs of the OPU3 and OPU1 clusters and the genus Methyloprofundus (Figure 
4.1), with six of the eight belonging to the OPU3 clade.  A single OPU3 OTU (GD_7) 
dominated the methanotroph sequence dataset, constituting ~35-75% of the 
Methylococcales pool in both the gDNA and cDNA datasets at all depths (Figure 4.2).  
Only one OTU from the OPU1 clade (GD_791) was detected and was confined primarily 
to the 60 m sample where O2 concentration was ~25 µM.  Together, these eight OTUs, 
which collectively represented 1.8% of the total gDNA combined over all depths, were 
undetected or at low abundance (0.4%) above or within the oxycline (30 and 60 m, 
respectively) but increased to 4-5% of the gDNA pool in the upper anoxic zone (90 and 
100 m) where O2 concentrations fell below detection, <50 nM, and nitrite accumulated 
(Figure 2).  Notably, OTU GD_7, the dominant OPU3 bacterium, constituted 4% of the 
total microbial community (gDNA pool) at 90 m.  These OTUs then decreased to <1% of 
the community deeper in the anoxic zone at 120 m, and at 165 m where nitrate and nitrite 
were depleted and methane accumulated.  The proportional representation of these 8 
OTUs was ~2-fold higher in the cDNA compared to the gDNA datasets at all depths, 
indicating a transcriptionally active Methylococcales community. 
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Figure 4.2 Water column chemistry and Methylococcales OTU abundances in the 
GD water column. Dissolved oxygen (measured by Clark type electrodes; black line), 
nitrite (green), nitrate (yellow), and methane (red) concentrations through the oxic zone 
(~0-30 m), oxycline (~30-80 m), anoxic nitrite-enriched zone (~80-140 m), and deeper 
anoxic zone (~140 m to sediment-water interface at ~190 m).  Chemical data are from 
Padilla et al. (2016). Bubble plots show abundances of Methylococcales OTUs as a 
percentage of total community 16S rRNA gene (gDNA) and transcript (cDNA) 
amplicons.  ND = Not detected, NA = No available data for that sample. 
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4.4.2 Recovery of the genome of an OPU3-like methanotrophic denitrifier 
Metagenomic analysis confirmed the potential for coupled methanotrophy and 
denitrification in the Golfo Dulce OMZ.  Genomic DNA from within the secondary 
nitrite maximum at 90 m was deeply sequenced, assembled into contigs, and binned into 
OTUs resulting in 52 draft genomes (bins) ranging from 12.4% to 100% completeness 
and 0 to 86% contamination. Of these, bin 010 contained a single near-full length (1405 
bp) 16S rRNA gene fragment identical to that of OTU GD_7 identified in the amplicon 
analysis (above).  The contig containing this fragment consisted solely of the 16S rRNA 
gene and exhibited an average per-base coverage of 6.6, nearly identical to the bin-wide 
average (all contigs) of 6.7.  The bin contamination level was 6% based on duplicated 
marker genes, a level consistent with that reported in other studies drawing conclusions 
of genome content based on binning (see Sekiguchi et al., 2015 (6 - 7%); Campanaro et 
al., 2016 (3 - 5%); Güllert et al., 2016 (5 - 10%)).   On average, duplicate marker genes in 
bin 010 shared 81% amino acid identity, within the genome-wide range observed for 
bacterial strains categorized in the same species (Kostas and Tiedje, 2005), suggesting 
that contaminant sequences in this bin are from closely related taxa.  
Given the high abundance of OTU GD_7 at >4% in both the gDNA and cDNA 
amplicon pools (Figure 4.2), suggesting a substantial contribution to OMZ community 
processes, bin 010 was selected for in-depth characterization.  The genome represented 
by this bin, hereafter designated GD_7, was estimated to be 95.3% complete, with 2,011 
coding sequences distributed over 305 contigs and a total of 2,106,486 nt. The estimated 
GD_7 genome size, at 2.2 Mbp, is consistent with that of pelagic free-living bacteria 
(Raes et al., 2007; Shi et al., 2011), but substantially smaller than that of most other 
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gammaproteobacterial methanotrophs (~4-5 Mbp; Figure 4.3).  LCA-based taxonomic 
classification of GD_7 coding sequences indicated an affiliation with the order 
Methylococcales.  Phylogenetic analysis of 107 housekeeping genes (concatenated) from 
available methanotroph genomes confirmed GD_7 as basal but most closely related to the 
type-Ia methanotrophs of the Methylococcales, a diverse group of bacteria with some 
members shown experimentally to couple methane oxidation to denitrification (Figure 














Figure 4.3 Concatenated gene phylogeny of methanotrophic genomes and 
description of N utilizing genes. Phylogeny based on the concatenated alignment of 107 
single copy housekeeping genes from OTU GD_7 (bin 010 ) and known methanotroph 
genomes (n=36).  Maximum likelihood phylogeny was inferred based on the Dayhoff 
substitution model, bootstrapped 100 times; bootstrap support values ≥ 70 are displayed.  
Phylogenetic classification (Ia, Ib, Ic, IIa, IIb, III) is based on a recent review (Kneif, 
2015). Genome size in megabases and presence/absence of key genes of dissimilatory 
and assimilatory nitrogen metabolism are displayed next to taxon names.  Experimentally 
confirmed denitrifying taxa are highlighted with bold orange branches, with the 
assembled bin 010 denoted by the bold red branch.  The scale bar represents amino acid 
substitutions per site. Abbreviations are as follows: Nar – membrane bound nitrate/nitrite 
oxidoreductase, Nap – periplasmic nitrate/nitrite oxidoreductase, NirK – copper 
containing nitrite reductase, NirS – cytochrome cd1 nitrite reductase, Nor – nitric oxide 
reductase, NOD – nitric oxide dismutase (putative), NarB – ferredoxin nitrate reductase, 
Nas – assimilatory nitrate reductase, NirA – assimilatory nitrite reductase, NirBD – 
assimilatory nitrite reductase. 
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Below we discuss a subset of key functional genes recovered in the GD_7 bin.  As 
the inferred genome is fragmentary and exhibits 6% contamination (above), confirmation 
that the recovered genes are co-localized on the same chromosome in OPU3 requires 
further analysis of a pure culture or a closed genome. Similarly, as the recovered GD_7 
genome is not 100% complete, we cannot definitively conclude that specific genes are 
absent from this genome.  However, the gene content described below, when 
contextualized relative to that of other methanotrophs, prior results, and the 
environmental conditions of Golfo Dulce, is strongly suggestive of key metabolic 
functions in GD_7. 
The genome content of GD_7 indicates the potential for methanotrophic 
denitrification.  GD_7 contains genes required for energy generation by methane 
oxidation, including those encoding the three subunits of particulate methane 
monooxygenase (pmoCAB) for methane oxidation to methanol, which together co-occur 
on a contig with diverse other genes having close homologs in other gammproteobacterial 
methanotrophs (inferred from top BLASTX matches; Supplementary Figure 4.2).  Also 
present are genes for the lanthanide-dependent (xoxF) methanol dehydrogenase involved 
in methanol oxidation to formaldehyde, NAD(P)-dependent methylene-H4MPT 
dehydrogenase (mtd) involved in formaldehyde oxidation to formate, and formate 
dehydrogenase (fdh) for formate oxidation to CO2. The presence of XoxF type methanol 
dehydrogenases, but absence of the calcium-dependent MxaF type, has also been 
reported for pelagic non-methanotrophic methylotrophs with relatively small genomes 
(Giovannoni et al. 2008) and is consistent with recent studies suggesting the prevalence 
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of XoxF compared to MxaF in natural systems (Keltjens et al., 2014; Ramachandran and 
Walsh, 2015). 
GD_7 also contains two operons encoding a dissimilatory nitrate reductase (nar), 
as well as genes for synthesis of the essential nar molybdenum cofactor. Of the 
downstream genes of the denitrification pathway, only the nirK gene encoding nitric 
oxide (NO)-producing nitrite reductase was detected in GD_7.  The two nar operons, as 
well as nir, were recovered on contigs alongside other functional genes with homology to 
those of gammaproteobacterial methanotrophs (Figure D.2). Phylogenetic analysis of 
marker genes nirK and narG, with the latter encoding the alpha subunit of Nar, also 
supports a methanotroph affiliation.  One of the narG copies (ORF 1321) clusters with 
high support in a clade containing denitrifying gammaproteobacterial methanotrophs, 
including Methylomonas denitrificans (Figure 4.4a).  Likewise, GD_7 nirK clusters with 
a sequence from the gammaproteobacterial Methylothermaceae and that of the nitrite-
oxidizing bacterium Nitrospina gracilis, although the function of NirK in Nitrospina 
remains unclear (Lücker et al., 2013) (Figure 4b).  In contrast, the second nar operon 
may have an origin outside of the gammaproteobacteria, as analysis of the corresponding 
narG copy (ORF 1413) reveals a closer affiliation to narG from a genus of Chlorobi 
bacteria (Ignavibacterium) containing facultatively anaerobic chemoheterotrophic 






Figure 4.4 Nitrate reductase (narG) and nitrite reductase (nirK) phylogenies.  The 
trees include closely related sequences identified as top matches to GD_7 narG and nirK 
amino sequences through BLASTP queries against NCBI-nr.  Unrooted phylogenies were 
inferred based on maximum likelihood analysis using the Dayhoff substitution model 
with 1000 bootstrap iterations.  Bootstrap values >70 are displayed, along with NCBI 
accession numbers. Scale bars for narG and nirK represent 50 and 10 changes per 100 
amino acids (respectively). 
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These results suggest that certain genes for partial denitrification in GD_7 share 
ancestry with those of gammaproteobacterial methanotrophs, while others, notably ORF 
1413, may have been acquired horizontally (Figure 4.4a).  Horizontal acquisition of 
denitrification genes in methanotrophs may be common, as the presence of nar and nir 
genes is independent of methanotrophic phylogenetic histories (Figure 4.3).  Indeed, the 
co-occurrence of divergent denitrification genes in the same genome is not unusual.  
Many bacteria, for example, encode divergent nar copies (Philippot, 2002; Tsementzi et 
al., 2016), potentially as an adaptation to variable oxygen conditions (Iobbi-Nivol et al., 
1990).  Although multiple nar operons have yet to be reported in other methanotrophs, a 
marine methylotroph was shown to encode two nar enzymes, with one copy playing a 
role in regulating the other depending on oxygen availability (Mauffery et al., 2015).  
Some denitrifying methanotrophs also encode the perisplasmic dissimilatory nitrate 
reductase (Nap), hypothesized to function primarily under nitrate-limiting conditions 
(Figure 3; Ferguson and Richardson, 2004); however, nap genes were not detected in 
GD_7. In contrast to Methylomonas denitrificans FJG1, Methylomicrobium album BG8, 
and Candidatus ‘Methylomirablis oxyfera’, GD-7 does not appear to harbor an NO-
reductase (nor), and is therefore likely incapable of producing N2O as an intermediate or 
end-product (Figure 4.3; Kits et al., 2015a,b). In M. denitrificans FJG1, M. album BG8, 
and potentially GD-7, nitrate is likely utilized for respiratory purposes. This is in contrast 
to NC10 members, which likely utilize nitric oxide (derived from nitrate and nitrite 
reduction) for dismutation with concomitant production of intracellular oxygen. Rather, 
our data identify a partial methanotrophic denitrification pathway in GD_7, with NO as 
the likely respiratory end product.  
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GD_7 also contains genes encoding key enzymes of C1 carbon assimilation from 
methane, including those of the ribulose monophosphate (RuMP) pathway for 
incorporation of methanol-derived formaldehyde and regeneration of ribulose-5-
phosphate (Figure D.3).  Key enzymes of the serine pathway for formaldehyde 
assimilation were also detected (Table 4.1), with ten of the serine cycle genes recovered 
on the same contig.  Diagnostic enzymes of the ethylmalonyl-CoA (EMC) pathway 
(ethylmalonyl-CoA mutase, crotonyl- CoA reductase/carboxylase), used by some serine 
cycle-utilizing methanotrophs for glyoxylate regeneration (Christoserdova, 2011), were 
not detected in GD_7.  Neither were isocitrate lyase and malate synthase, suggesting 
glyoxylate generation does not occur via the glyoxylate cycle in GD_7. This pattern, the 
presence of serine cycle genes and absence of an EMC pathway and glyoxylate shunt, has 
been reported in other type 1 methanotrophs (Poehlein et al., 2013; de la Torre et al., 
2015).  In GD_7, all enzymes of the Citric Acid (TCA) cycle are present, as are genes of 
glycolysis and for pyruvate dehydrogenase for acetyl-CoA generation.  However, GD_7 
appears to lack the genes encoding the Entner-Doudoroff Pathway, which would be 
atypical of Type I methanotrophs that have been hypothesized to depend primarily on 
Entner-Doudoroff cleavage reactions over glycolysis (Kalyuzhnaya et al., 2013).  
However, we cannot rule out that these or other genes were not detected due to 
incomplete coverage (~95%) of this genome bin. Together, these patterns suggest C1 
incorporation from methane via the RuMP pathway, with acetyl-CoA synthesis via 
pyruvate for entry into the TCA cycle for biosynthesis.  
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Table 4.1. Representation of methane oxidation and denitrification genes present 
(+/-) in GD_7 (bin 010) and abundance in the coupled 90 m metatranscriptome.  
 
a Gene detected in GD_7 (bin 010) from 90 m  
b Percent of OPU3 transcripts mapped to GD_7 (bin 010) calculated as ((Number of hits mapping 
ORF / ORF length) / Total mapped reads to GD_7) 
c ORF # corresponds to numbers in Supplementary Table  
 
 
Function Gene description Bina %OPU3b ORF #c 
Methane oxidation 
	 	  
	
Particulate methane monooxygenase subunit A + 1.18 1481 
	
Particulate methane monooxygenase subunit B + 0.47 1480 
	
Particulate methane monooxygenase subunit C + 4.57 1482 
	
Soluble methane monooxygenase subunit A - - - 
	
Soluble methane monooxygenase subunit B - - - 
	
Soluble methane monooxygenase subunit C - - - 
Methanol conversion 
	 	  
	
Methanol dehydrogenase (xoxF) + 0.56 1041 
Formaldehyde oxidation 
	 	  	 Beta-ribofuranosylaminobenzene phosphate synthase + - 938, 1429 
	
H4MPT-dependent formaldehyde activating enzyme + 0.65 943 
	
Methylene-H4MPT dehydrogenase (MtdB) + 0.02 1057 - 1058 
	
Methenyl-H4MPT cyclohydrolase + 0.03 940, 1431 
	
Formyltransferase/Hydrolase Complex + 0.02 799 – 801, 910  - 913 
Formic acid production 
	 	  
	
Formate dehydrogenase + 0.07 954 - 956 
RuMP cycle 
	 	 	  
	
3-hexulose-6-phosphate synthetase + 2.85 749 
	
6-phospho-3-hexuloisomerase + 1.55 748 
	
Glucose-6-phosphate isomerase + 0.05 1736 
	
Glucose-6-phosphate dehydrogenase + 0.07 316 
	
6-phosphogluconate dehygdrogenase + 0.23 480 
 Phosphofructokinase	 +	 < 0.01	 882 
 Fructose bisphosphate aldolase	 +	 0.60	 744, 1303 
 Transaldolase	 +	 1.97	 745 




	 	 	  
	




































	 Phosphoenolpyruvate carboxylase - - - 
 
	
Malate dehydrogenase + 0.03 278 
	
Malate thiokinase (Malate-CoA ligase) + 0.01 282 - 283 
	











 Citric Acid Cycle (TCA) 
	 	  
	
Citrate synthase + 0.16 1049, 1554 
	
Aconitate hydratase + 0.24 1050 
	
Isocitrate dehydrogenase + 0.02 1051 
	
2-oxoglutarate dehydrogenase + 0.02 751 - 752 
	
Succinyl-CoA synthetase + 0.02 590 - 591 
	
Succinate dehydrogenase + 0.05 1053 - 1056 
	
Fumarate hydratase + 0.03 1105 
	
Malate dehydrogenase + 0.03 278 
Denitrification 
	 	 	 	
	
Respitpory nitrate reductase alpha chain + 0.37 1321, 1410 
	
Respitpory nitrate reductase beta chain + 0.02 1322, 1411 
	
Respitpory nitrate reductase gamma chain + 0.17 1324, 1413 
	
Respitpory nitrate reductase delta chain + 0.04 1323, 1412 
	
Periplasmic nitrate reductase subunit A - - - 
	
Periplasmic nitrate reductase subunit B - - - 
	
Periplasmic nitrate reductase subunit C - - - 
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Reciprocal BLASTP against all methanotrophic bacteria in Figure 3 identified 
102 protein-coding genes in GD_7 that lack close homologs in other methanotroph 
genomes (based on the imposed BLAST criteria: bit score > 50, with >35% amino acid 
identity across >65% of the gene).  Of this divergent gene set, 47 encode hypothetical 
proteins.  The remaining annotated genes are associated with diverse functions, including 
flagellum synthesis or regulation, phage tail synthesis, and diverse functions of amino 
acid or peptide metabolism, as well as an arginase potentially involved in urea 
generation. Genes in this divergent set may be candidates for follow-up studies to better 
understand niche-specific adaptations in GD_7. 
 
4.4.3 OPU3 transcription in the OMZ 
To characterize the Methylococcales-like transcript pool, we examined transcripts 
from 90, 100, and 120 m that mapped with high identity to GD_7.  To increase coverage 
across the bin, we analyzed an additional 90 m dataset from which rRNA was removed 
prior to sequencing.  This step increased data yield but altered the abundance of mapped 
transcripts (expressed as a % of total prokaryotic mRNA; Figure 4.5), suggesting that 
rRNA subtraction may also have removed certain mRNA transcripts.  This procedure 
does not affect our conclusions, however, as our goal was to characterize the range of 
genes actively transcribed by GD_7; variation in transcription among genes is presented 
in only a general sense (e.g., Figure 4.5).  Nonetheless, the rRNA-subtracted dataset is 




Figure 4.5 Transcripts mapping to GD_7. (A) Violin plots indicating the proportion of 
mRNA reads at each amino acid %ID in each sample.  (B) Percentage of mRNA 
recruited to the bin from each sample as a proportion of prokaryotic mRNA assigned by 
MEGAN5.  Asterisk (*) 90 m sample denotes rRNA removal prior to sequencing using 
Ribo-Zero™ rRNA Removal Kit for bacteria (Epicentre).  Transcript mapping to GD_7 
is based on BLASTX with the following criteria: bit score ≥ 50, amino acid ID ≥ 90%, 





Metatranscriptome analysis confirmed that Methylococcales bacteria were 
transcriptionally active in the Golfo Dulce OMZ.  Across all datasets, a total of 24,989 
reads representing 764 genes were recruited via BLASTX to GD_7 contigs with high 
identity (>90% AAI; bit scores > 50) across 60% of the transcript fragment.  The 
proportional representation of these mapped transcripts peaked at 90 and 100 m at ~0.5% 
of total mRNA reads (non-rRNA-subtracted dataset) before decreasing to <0.1% deeper 
in the anoxic zone (120 m sample; Figure 4.5b).  Indeed, at 90 and 100 m, the vast 
majority (~90%) of recruited transcripts share greater than 98% AAI with genes of GD_7 
(Figure 4.5a; Figure D.4).  In contrast, at 120 m, the majority of mapped reads share less 
than 94% AAI.  These patterns suggest discrete OPU3-like populations based on depth, 
with GD_7 confined primarily to the upper OMZ where both nitrite- and nitrate are 
enriched compared to greater depths in the anoxic zone (Figure 4.2).  
Transcripts involved in methanotrophy and denitrification were among the most 
abundant of those recruiting to GD_7, based on the mRNA-enriched 90 m dataset 
(Figures D.4 and D.5). Mapped transcripts included all genes of the aerobic methane 
oxidation pathway (Table 4.1), with pmoA and pmoC being particularly abundant, as well 
as genes of the RuMP pathway.  Denitrification transcripts included narG and nirK, both 
of which were detected at 90 and 100 m, but absent from the 120 m dataset. Interestingly, 
only transcripts mapping to narG ORF 1413 were detected, suggesting differential 
regulation of Nar expression and therefore the potential for functional variation between 
the two enzyme variants (ORF 1321, 1413).  Terminal oxidase genes, though present in 
GD_7, were not detected in the mapped transcript pool, suggesting that any oxygen being 
utilized is for methane oxidation rather than respiration.  Genes for fatty acid metabolism 
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were also among the most abundant transcripts recruiting to GD_7, as were those 
mediating flagellar biosynthesis and regulation.  The high transcription of flagellar genes 
is consistent with prior reports of the importance of motility in type 1 methanotrophs 
from low oxygen environments (Danilova et al., 2016), suggesting a need to traverse 
redox gradients to access zones of optimal substrate (e.g., methane) or oxygen conditions, 
potentially including those at the micron scale on suspended or sinking particles.  
Enzymes involved in amino acid metabolism were also abundant in the GD_7 transcript 
pool (Figure D.5), with proline dehydrogenase being among the most highly transcribed 
GD_7-specific protein at 90 m.  This enzyme is involved in proline catabolism, 
producing reductant in the form of reduced co-enzyme Q10 (i.e., ubiquinol).  Although 
use of proline for reductant has been reported for diverse bacteria under both oxic and 
anoxic conditions (Deutsch and Soffer, 1975; Barker, 1981), the potential contribution of 
amino acid catabolism to reductant pools in methanotrophs, including OPU3 members, 
remains uncharacterized.  Genes encoding enzymes of the methylcitrate pathway (MCA) 
involved in propionate catabolism were also highly transcribed (Figure D.5).  These 
included methylcitrate synthase, methylcitrate dehydrogenase and aconitate hydratase, 
although the MCA gene encoding methylisocitrate lyase was not detected.  MCA genes 
and transcripts have been reported in aquatic betaproteobacterial methylotrophs, raising 
the hypothesis that propionate, which can be produced via demethylation of compounds 
such as dimethylsulfoniopropionate, may be an important carbon substrate in these 
bacteria (Kalyuzhnaya et al., 2008, 2010).  The potential for propionate catabolism in 
OPU3 should be further evaluated.   
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Taxonomic classification of the bulk metatranscriptome based on lowest common 
ancestry (LCA) corroborated the transcriptional activity of a Methylococcales community 
in the OMZ.  The majority (~80%) of LCA-identified Methylococcales transcripts could 
not be assigned to a genus (Supplementary Figure 6). Of those transcripts that could be 
classified, most are affiliated with Methylomonas, Methylobacter, or Methylomicrobium.  
The proportional abundance of total Methylococcales transcripts across depths was nearly 
identical to that of the transcript pool mapping to GD_7 (Figure 4.4, Figure D.6), 
indicating that the vast majority of Methylococcales transcripts were affiliated with this 
OPU3 taxon and that its contribution to community transcription peaked at 90 and 100 m 
just below the oxycline.  As in the GD_7 transcript pool, biochemical functions highly 
represented in the bulk Methylococcales transcripts were predominantly associated with 
methane oxidation and C1 assimilation, with transcripts encoding pmoCAB among the 
most abundant (data not shown). 
 
4.5 Conclusion 
These results provide the first environmental meta-omic evidence for coupled 
methanotrophy and partial denitrification in the OPU3 bacterial clade.  The recovery of a 
near complete genome for GD_7, interpreted alongside community composition data and 
linked metatranscriptome analysis identifying transcripts of methane-oxidation, C1 
assimilation via the RuMP pathway, and partial denitrification, implicate this abundant 
OTU as a potentially significant player in methane-driven nitrogen transformations in the 
Golfo Dulce.  The localized distribution at 90 m of transcripts with high identity to GD_7 
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(Figure 4.4b), along with the recovery of diverse other OPU3 OTUs, suggests the 
potential for temporal or spatial variation in the contribution of different OPU3 ecotypes 
to community metabolism, likely driven by local concentrations of methane, oxidized 
nitrogen, or dissolved oxygen.   
Our results suggest that GD_7 is adapted to conditions at the upper OMZ periphery 
where oxygen is absent but nitrate, nitrite, and methane are all available.  Prior studies 
have suggested a low-to-no oxygen niche for the OPU3 group as a whole, notably as 
pelagic methane concentrations typically increase with decreasing oxygen content 
(Sansone et al., 2001; Pack et al., 2015).  Indeed, the abundance of OPU3-like OTUs has 
been shown to increase with decreasing oxygen further off the Costa Rican coast 
(Tavormina et al., 2013).  However, the activity of methanotrophic denitrifiers in the 
OMZ water column may also be driven strongly by nitrite conditions; for example, in 
Methylomicrobium album, transcription of methanotrophy genes and nitrous oxide 
production via denitrification was dependent on both nitrite availability and low oxygen 
conditions, whereas denitrification gene transcription was stimulated only by nitrite 
availability (Kits et al., 2015a).  In the GD, the distribution of OPU3 amplicons and 
transcriptional activity, notably those of GD_7, mirror that of the nitrite profile (Figure 
2).  The high abundance of OPU3 genes and transcripts in the upper OMZ corresponds 
with the previously reported maximum in methane oxidation rates at 90 m, whereas rates 
lower in the OMZ were undetectable at the time of collection (Padilla et al., 2016).  
Despite the anoxia at 90 m, it remains possible that the rates reported in Padilla et al 
(2016) represent a combination of both aerobic and denitrification-dependent methane 
oxidation, potentially due to inter-individual variation in an OPU population or variation 
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among OPU ecotypes.  Genomes and gene expression studies targeting diverse OPU 
phylotypes from the GD and other low oxygen marine habitats would be valuable for 
resolving these possibilities.  Characterizing the metabolic diversity of pelagic methane 
utilizing bacteria is critical for predicting linkages between greenhouse gas, carbon, and 
nutrient fluxes.  This is particularly important for microbial communities along the steep 
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CONCLUSION AND SUGGESTIONS 
This dissertation combines metagenomics, transcriptomics, and biochemical rate 
measurements to confirm OMZs as a niche space for methanotrophy coupled to N loss. A 
secondary goal of this work is to establish best practices when sampling environments for 
microbial diversity.  In Ch. II it was shown that the volume of seawater filtered impacts 
diversity estimates of 16S rRNA microbial diversity when using a common method to 
size-fractionate pelagic microbial populations.  In both Ch. III and IV 16S rRNA 
sequences were initially used to characterize microbial diversity in the ETNP and the GD.  
While this method failed to recover NC10 sequences in Ch.III, metatranscriptomics and 
chemical rate data pointed to OMZs as being a suitable niche for the NC10 N-DAMO 
process.  In the Golfo Dulce (Ch. IV), 16S amplicon analysis recovered a high abundance 
of methanotroph-like sequences, but metagenomic binning recovered nar and nir 
enzymes in the OPU3 genome, thus linking this uncultivated group of 
gammaproteobacteria methanotrophs to denitrification.  These findings suggests that 
implementing 16S amplicon diversity surveys is a crucial first step for characterizing 
microbial communities, but meta–omic and rate analyses are needed to better 
contextualize biogeochemical reactions.  
 
5.1 OMZs as a niche for CH4 oxidation coupled to N loss 
 140 
The results from this thesis confirm OMZs as a niche for microbial metabolisms 
linking CH4 consumption with N loss (Ch. III and IV).  These findings identify another 
route of N loss within OMZs in addition to classical denitrification and anammox.  The 
extent to which denitrification-dependent methanotrophy contributes to N loss and C 
cycling remains unknown.  However, as OMZs expand with global warming, the 
microbes linking methanotrophy to N loss at these sites may become an important CH4 
sink.  
The two mechanisms for OMZ methanotrophy described in this thesis are distinct 
from each other, although both pathways contribute to N loss.  The NC10 N-DAMO 
reaction (Ch. III), which involves the intracellular generation of O2, provides a powerful 
oxidative electron sink in a region that is functionally devoid of O2.  This process 
extended from the NO2- maxima to the OMZ core.  NC10 nar transcripts, which produce 
NO2- from NO3-, were detected in the OMZ core and could provide a crucial NO2- source 
that is removed from the NO2- maximum.  This allows NC10 to persist in the OMZ core 
were CH4 concentrations are highest.  Moreover the dismutation reaction could offer a 
vector of non-photosynthetic O2 in the OMZ core.  Despite the intracellular nature of the 
O2 production, microbial cells lyse frequently, thus releasing O2 into the anoxic core for 
rapid reduction by other microbes.  Some the most abundant microorganisms in the OMZ 
core transcribe terminal oxidases, including SAR11.  These enzymes allow microbes to 
rapidly make use of any freely available O2, yielding a powerful thermodynamic 
advantage in this anoxic habitat (Appendix D).  
The second metabolism was detected in a uncultivated gammaproteobacterium 
from the OPU3 clade.  This microbe transcribes genes for methanotrophy and partial 
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denitrification (Ch. IV).  This reaction supports respiration under low O2 conditions and 
allows for any available O2 to be used directly for CH4 oxidation.  While this strategy has 
been described previously in culture systems, this work provides the first meta-omic 
evidence for methanotrophy supported by partial denitrification in natural environments.  
This work also achieved the first description of a potential mechanism for pelagic aerobic 
methanotrophs to survive in OMZs by assembling the first draft-genome of a pelagic 
methanotroph that was only detected by marker gene surveys.  
This thesis provides compelling evidence that OMZs are suitable niches for 
denitrification-dependent CH4 oxidation.  However, there are more questions in this 
topic.  For example, other pelagic OPU clades have also been detected at OMZ periphery, 
these OPUs lack genomic characterization, and have only been described through 16S or 
pmo PCR surveys.  Moreover, there are still many questions about the mechanisms that 
govern the population dynamics and chemical parameters that govern the realized niche 
space of pelagic methanotrophs. 
 
5.2 Suggestions and further questions 
To expand upon the work presented here, there are some key questions that 
should be further addressed.  One of the most pertinent questions is how O2 
concentrations impact the distribution and metabolic activity of pelagic methanotrophs.  
Given the results from this thesis, O2 is key oxidant for pelagic methanotrophs either by 
intracellular generation or by direct utilization from the environment.  As OMZs are 
projected to expand, the role of dissolved O2 could be a crucial factor in determining 
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which biochemical processes or microbial populations become selected for as the 
prominent pathway for CH4 loss.  Recent work in the ETNP shows that increased O2 
concentrations impeded CH4 oxidation in water taken from the OMZ core (Thamdrup, 
private communication).  As NC10 were the only methanotrophs detected in the OMZ 
core, this suggests that extracellular oxygen can significantly impact the NC10 N-DAMO 
processes.  This O2-based inhibition has been described in the transcriptional patterns of 
the NC10 representative M. oxyfera.  Roughly half of the genome was down regulated 
upon exposure to microaerobic conditions (Luesken et al., 2012).  It is unclear why NC10 
is negatively impacted by microaerobic conditions.  However, it has been shown that 
similar O2 exposure suppresses the N loss capacity in OMZ microbial communities.  
NC10 suppression from O2 exposure could be caused by similar mechanisms.  Luesken et 
al., (2012) reported that most of the N reduction genes were down regulated indicating a 
strong reliance of the NC10 electron transport chain on denitrification and any external 
O2 could disrupt the denitrification pathway.  
In the case of OPU3, and other aerobic methanotrophs found in low O2 
environments, it is unclear what the O2 source is for CH4 oxidation.  In OMZs 
microaerobic pockets of O2 can be detected even into the anoxic core.  Throughout the 
OMZ many microbial taxa transcribe terminal oxidases to rapidly take advantage of these 
O2 “whiffs” (Appendix D).  OPU3 bacteria genomes contain these terminal oxidases, 
however they were not transcribed in Ch. IV.  This is taken as evidence that any available 
O2 is used by actively transcribed pmo.  The distribution of OPU3 in the water column 
peaks at the upper boundary of the NO2- maximum and lower boundary of the 
chlorophyll maximum.  It has been recently demonstrated that high concentrations of 
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chlorophyll in OMZs generate enough O2 to support O2-dependent oxidative metabolisms 
despite O2 being undetectable (Appendix D).  Confirming this source of O2 could be 
achieved with isotopic measurements tracking photosynthetic-generated O2 through the 
methanotrophic reactions.  Adding 18O labeled CO2 and to seawater incubations at 
different light levels the photosynthetic reaction would produce 18O2 from the CO2. In 
addition 13C labeled CH4 would also be added to the seawater and the methanotroph 
reaction would use the 18O2 and 13CH4 as substrates.  The CO2 resulting from CH4 
oxidation would contain both the labeled substrates as 13C18O2.  This would be difficult to 
do as CH4 oxidation rates in OMZs are very low, and there are many biological reactions 
that generate CO2.  The sensitivity for this process would need to comparable to using 
tritiated CH4 to track CH4 oxidation. 
This dissertation highlights the genomic and metabolic diversity of OMZ 
methanotrophs.  These findings directly support other research that demonstrates the wide 
range of metabolic strategies for energy generation and C utilization that methanotrophs 
display in O2-limiting conditions.  One such strategy is to use CH4-derived C for 
fermentation (Gilman et al., 2017; Kalyuzhnaya et al., 2013).  Aerobic methanotroph 
strains from the Methylomicrobium genus have been shown to excrete fermentation 
products such as succinate, acetate, lactate, and H2 under O2 starvation.  As O2 becomes 
limiting NADH can accumulate from formaldehyde oxidation to CO2 by the 
methanotrophy pathway, with this NADH build up causing an intracellular redox 
imbalance.  Excretion of fermentation products can inhibit oxidative production of 
NADH by shunting formaldehyde into the RuMP cycle, thus alleviating potential redox 
imbalance by suppressing NADH generation by formaldehyde and formic acid oxidation 
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(Gilman et al., 2017).  In these cases CH4 is only used as a C source to generate 
methanol, which is subsequently used for pyruvate synthesis (Gilman et al., 2017; 
Kalyuzhnaya et al., 2013).  Pyruvate can then be feed into various fermentation 
pathways.   
 It is thus far unknown if this type of redox balancing by fermentation could play a 
role in OMZ methanotrophs.  In the anoxic conditions of the ETNP and the GD, 
transcripts mediating succinate and acetate generation were detected and taxonomically 
associated with denitrifying methanotrophs.  Transcripts encoding genes for succinate 
generation were detected among OPU3 methanotroph-associated sequences from the GD, 
while genes for acetate production were detected in NC10-associated transcript pools 
from both the ETNP and the GD.  Key genes for succinate production that were detected 
in the OPU3 transcript pool included those encoding malate dehydrogenase (Mdh), 
fumarase (FumA), and succinate dehydrogenases (Sdh).  NC10-like transcripts for acetyl 
CoA synthetase (Acs) and acetate kinase (Ack) were recovered from both sites. The 
transcription patterns of OPU3, in particular, support methanotroph fermentation.  OPU3 
appears to generate energy from denitrification, not from CH4 oxidation, and the 
succinate production pathway is actively transcribed.  However, detection of these 
transcripts is indirect evidence.  The potential for this hybrid metabolism, of 
denitrification-dependent respiration coupled to fermentation, to contribute to OMZ 
methane consumption requires further validation. 
Along with the further work on describing the biogeochemical constraints on 
pelagic OMZ methanotrophs, there is a severe lack of genomic data regarding these 
microorganisms.  This has hindered the ability to detect methanotrophs in natural 
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environments and to assess their metabolic potential.  The lack of genomic data on OMZ 
methanotrophs is, in part, do to their low abundance.  Genomic data and better detection 
of OMZ methanotrophs could become more attainable if certain steps are taken.  One 
such step would be to obtain enrichments or cultures of OMZ methanotrophs.  In general, 
there are very few OMZs microbes with cultured representatives.  As such, annotation of 
microbial sequence data relies on the databases built on organisms that do not always 
reflect the communities being sampled.  Culturing or even enriching microbial taxa from 
OMZs is no trivial task due to a multitude of reasons: i) the complexity of maintaining 
anoxic conditions when collecting OMZ water, ii) isolating microbes from natural 
systems may remove a key substrates, iii) toxins could accumulate in the incubation, iv) 
culture media may lack substrates as the chemical make up of seawater has yet to be fully 
characterized, v) viruses may disrupt growth.  These are just a few examples of why 
obtaining oceanic microbial isolates is so difficult.  We attempted to enrich for 
denitrifying methanotrophs in the ETNP and the GD.  The results of these enrichments 
were inclusive, however the enrichment media demonstrated decreasing concentrations of 
NO3- and NO2- over the incubation time.  Additionally OTUs affiliated with the 
Methylophaga genus appeared to increase with time (Appendix E).  Culturing OMZ 
microbes would allow for profound insight to how microbial populations function in 
these low O2 systems.  
A second and powerful method would be to design and implement degenerate 
index primers of both the pmoA and narG genes for high-throughput sequencing.  Such 
primers exist for the 16S rRNA gene and the ammonia monooxygenase gene, amoA.   
These existing primers have facilitated an unprecedented amount of information about 
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microbial population dynamics, microbome surveys, and diversity associated with global 
biogeochemical processes.  A similar set of primers could reveal much of the 
methanotroph population dynamics far beyond OMZ environments.  These types of 
primers would allow for powerful statistical analyses and the ability to find correlations 
to environmental parameters.  Assessing enzymatic diversity patterns at this level will 
allow research to move beyond descriptive studies and towards predictive modeling.  As 
the planet undergoes changes from warming, it is important to predict what metabolisms 
and taxa will be selected for and therefore exert strong influence future biogeochemical 
cycles.  
 
5.3 Final remarks 
OMZs are crucial sites for oceanic biogeochemical transformations and impact global 
chemical budgets.  Microbes linking methanotrophy to N loss may have a 
disproportionate biogeochemical role compared to their abundance. There are very few 
taxa that encode the ability to consume CH4 in OMZs, and OMZ methanotrophs appear 
to constitute a small fraction of OMZ microbes.  OMZs represent the largest pool of 
pelagic CH4, yet very little of this CH4 escapes to the atmosphere, it is unclear how so 
such a small number of cells is responsible for this.  As OMZs expand, the role of this 
process will expand as well.  Therefore, characterizing microbial communities implicated 
in methanotrophy in OMZs is an important step in constraining and predicting OMZs role 
in global N and C cycles.  
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A.1  Abstract 
Oxygen availability drives changes in microbial diversity and biogeochemical 
cycling between the aerobic surface layer and the anaerobic core in nitrite-rich anoxic 
marine zones (AMZs), which constitute huge oxygen-depleted regions in the tropical 
oceans. The current paradigm is that primary production and nitrification within the oxic 
surface layer fuel anaerobic processes in the anoxic core of AMZs, where 30–50% of 
global marine nitrogen loss takes place. Here we demonstrate that oxygenic 
photosynthesis in the secondary chlorophyll maximum (SCM) releases significant 
amounts of O2 to the otherwise anoxic environment. The SCM, commonly found within 
AMZs, was dominated by the picocyanobacteria Prochlorococcus spp. Free O2 levels in 
this layer were, however, undetectable by conventional techniques, reflecting a tight 
coupling between O2 production and consumption by aerobic processes under apparent 
anoxic conditions. Transcriptomic analysis of the microbial community in the seemingly 
anoxic SCM revealed the enhanced expression of genes for aerobic processes, such as 
nitrite oxidation. The rates of gross O2 production and carbon fixation in the SCM were 
found to be similar to those reported for nitrite oxidation, as well as for anaerobic 
dissimilatory nitrate reduction and sulfate reduction, suggesting a significant effect of 
local oxygenic photosynthesis on Pacific AMZ biogeochemical cycling. 
 
A.2  Introduction 
In coastal zones of the eastern tropical Pacific Ocean, the upward transportation 
of nutrient-rich waters results in relatively high primary productivity at surface depths. 
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Sinking of organic matter produced by surface production coupled with sluggish 
circulation leads to the formation of oxygen-deficient water masses at intermediate 
depths below the mixed layer. Due to strong stratification, these oxygen minimum zones 
(OMZs) extend far offshore over vast swaths of the eastern Pacific. In these regions, 
oxygen availability plays a major role in structuring organism distributions and 
biogeochemical processes in the pelagic ocean (Paulmier et al., 2009). 
Recently developed sensor techniques (Revsbech et al., 2011) show that in much 
of the OMZ water column, from about 30–100 m to about 800 m, O2 concentrations fall 
below sensor-specific detection limits of down to 3 nmol L−1 (3·10−9moles per liter) 
(Thamdrup et al., 2012; Tiano et al., 2014). OMZs in the eastern tropical North and South 
Pacific (ETNP and ETSP, respectively) and in the Arabian Sea are subject to such intense 
O2 depletion and therefore have been redefined as anoxic marine zones (AMZs) (Ulloa et 
al., 2012). In other oceanic OMZs, including in the Bay of Bengal and northeast Pacific, 
oxygen concentrations may decrease to a few micromolar, but total O2 depletion occurs 
only occasionally (Bristow et al., 2017). AMZs are often distinguished from more 
oxygen-replete OMZs by the accumulation of nitrite, which is typically most pronounced 
when O2 falls below the nanomolar detection limit (Ulloa et al., 2012; Bristow et al., 
2017; Canfield et al., 2010; Ganesh et al., 2015). Nitrite is a key substrate in microbial 
N2 and N2O production by either denitrification or anaerobic ammonium oxidation 
(anammox), which together in AMZs mediate 30–50% (Codispoti et al., 2001) of the 
marine recycling of inorganic nitrogen compounds (nitrate, nitrite, and ammonium) to 
atmospheric N2. 
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Nitrite is also produced and consumed in the aerobic nitrification pathway 
involving the two-step process of aerobic ammonia and nitrite oxidation (Dalsgaard et al., 
2012; Babbin et al., 2014). Despite the absence of measureable O2 in the core of eastern 
Pacific AMZs, biomolecular evidence (DNA, RNA, and proteins) indicates the presence 
of aerobic microbial processes. The expression of genes encoding for nitrification and 
other O2-dependent microbial metabolisms, potentially including heterotrophic 
respiration, have been found well below the oxycline (Stewart et al., 2012; Kalvelage et 
al., 2015), raising the question of how aerobic processes could persist under apparent 
anoxia. 
In the three oceanic AMZs of the Arabian Sea, ETNP, and ETSP, dense 
populations of phototrophs have been observed at the base of the photic zone but below 
the oxycline that separates oxic from anoxic waters (Lavin et al., 2010; Goericke et al., 
2000; Cepeda-Morales et al., 2009). This deep secondary chlorophyll maximum (SCM) is 
mainly composed of novel, yet uncultivated, lineages of the 
cyanobacterium Prochlorococcus (Lavin et al., 2010), with chlorophyll concentrations 
that can equal that of the primary chlorophyll peak near the surface (Cepeda-Morales et 
al., 2009). The presence of this large population of putative oxygenic phototrophs has 
suggested a mechanism by which aerobic metabolism can be maintained in a zone where 
in situ measurements indicate anoxic conditions (Ulloa et al., 2012). Although an active 
photosynthetic community produces and releases oxygen to the environment, coupled 
O2 consumption by an aerobic microbial community may keep seawater O2 concentration 
at very low and possibly subnanomolar levels, thereby resulting in a cryptic O2cycle. The 
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existence of such a cryptic oxygen cycle has been suggested by biomolecular evidence 
(Stewart et al., 2012) but has not yet been demonstrated. 
In this study we used a combination of high-resolution oxygen profiling, 
metabolic rate measurements, and community mRNA sequencing to explore the potential 
for oxygen cycling in the SCMs of the ETNP off Mexico and the ETSP off Peru. Our 
results show that the photosynthetic community of the SCM produces significant 
amounts of O2, sufficient to maintain an aerobic community in an otherwise anoxic 
environment. Rates of O2production and carbon fixation in the SCM in both ETNP and 
ETSP AMZs are comparable to previously measured rates of aerobic processes like 
nitrite and ammonium oxidation (Ganesh et al., 2015; Bristow et al., 2016), as well as 
anaerobic AMZ processes like denitrification, anammox, and sulfate reduction (Canfield 
et al., 2010; Ganesh et al., 2015). Although the measured metabolic rates exhibit large 
spatial and temporal variability, our data collectively suggest a significant effect of local 
photosynthesis on the biogeochemical cycling in Pacific Ocean AMZs. 
 
A.3  Materials and Methods 
A.3.1 Sampling sites and in situ measurements 
The two main oxygen minimum zones of the ETSP and ETNP were investigated 
during two cruises during 2014: the Activities of Research Dedicated to the Minimum of 
Oxygen in the Eastern Pacific cruise on the R/V L’Atalante to the ETSP off Peru during 
late January and February 2014 and the Oxygen Minimum Zone Microbial 
Biogeochemistry Expedition 2 (OMZoMBiE2) cruise on the R/V New Horizon to the 
 152 
ETNP region off Mexico during May–June 2014. Profiles of physical and chemical 
variables were obtained with a Seabird SBE-911 CTD system, equipped with a SBE 43 
oxygen sensor and a Seapoint Chlorophyll Fluorimeter (R/V New Horizon) or a Chelsea 
Aqua 3 fluorimeter (R/V L’Atalante). CTD sensors were calibrated according to the 
manufacturer. The fluorometers used for the determination of chlorophyll were calibrated 
using pure chlorophyll solutions in 90% acetone (from 0.1 to 100 µg/L). In the ETNP, a 
pump profiling system (PPS) was also used for water collection. High-resolution 
O2profiling was performed during the CTD and PPS casts during the ETNP cruise. A 
high-resolution STOX sensor (Revsbech et al., 2011; Revsbech et al., 2009) was used to 
measure O2 concentration at nanomolar levels as described previously (Revsbech et al., 
2011; Tiano et al., 2014). 
 
A.3.2 Flow cytometry analysis 
Samples for cell counts were taken at several depths from the rosette (ETNP and 
ETSP) and the PPS (ETNP), fixed with glutaraldehyde and stored at −80 °C until 
analysis. Cell abundance was determined by flow cytometry using a FACSCalibur flow 
cytometer (Beckton Dickinson). Prochlorococcus, Synechococcus, and other 
autofluorescent cells (identified as picoeukaryotes) were counted in untreated samples, 
whereas autofluorescent plus nonautofluorescent cells (bacteria + archaea, referred as 
total microbial community) were analyzed by staining the cells with SYBR Green 
(Molecular Probes) as described previously (Lebaron et al., 1998; Grégori et al., 2001). 
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A.3.3 Oxygen production and carbon fixation measurements 
Water samples from the SCM were collected using Niskin bottles or a PPS. To 
minimize the O2 leaking from the polymers of the Niskin bottles, the water was 
transferred to a 20-L glass bottle previously purged with N2 gas as soon as the rosette was 
on deck. If the samples were collected using the PPS, the 20-L glass bottle purged with 
N2 gas was filled directly from the outlet of the PPS. A certain O2 contamination (1–5 
µmol L−1) during the sampling procedure could not be avoided, and the seawater was 
therefore immediately degassed in the 20-L bottle by bubbling with N2 + 0.05% CO2. A 
STOX sensor was inserted inside the bottle to determine when anoxia was approached 
(<100 nmol O2 L−1). After adjusting the O2 concentration to 100–400 nmol L−1, samples 
were siphoned to custom made incubation vessels (n = 12–16) (Tiano et al., 2014; 
Garcia-Robledo et al., 2016), containing either STOX sensors (ETSP) or a combination 
of STOX and optode sensors with a measuring range of 0–1,000 nmol L−1 (Garcia-
Robledo et al., 2016; Lehner et al., 2015) (ETNP). Each vessel was placed inside a light 
incubation tube immersed in a constant temperature water bath, enabling maintenance of 
in situ temperature (14–15 °C) and quantification of very low O2 transformation rates. 
The light incubation tubes consisted of a black PVC tube with white LEDs (LF06S-W3F-
850; OSRAM) installed along the whole periphery of the tube and with a custom-built 
waterproof magnetic stirrer fitted at the bottom. The LEDs were covered with a blue filter 
(131 Marine Blue filter; LEE Filters) to simulate the in situ light spectrum. Oxygen 
concentrations (Fig. 2) throughout the incubation period (8–12 h) were measured in 
treatments spanning a range of bluish light intensities slightly above maximum in situ 
levels (10, 20, and 40 µmol photons m−2 s−1) and in darkness (n = 3–4, per treatment). 
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Rates of oxygen consumption or production (here named NCP) were obtained by linear 
regression of the oxygen evolution during the incubations. GCP rates were calculated by 
subtracting the mean respiration value (NCP rate measured in darkness) from the NCP 
rates measured at different irradiances. 
Rates of carbon incorporation were measured simultaneously during the 
incubations for oxygen measurements using stable (ETNP) or radioactive (ETSP) 
isotopes. Incubations amended with Na14C-HCO3 (450 µCi/L final concentration) were 
done in parallel incubation bottles of only 110 mL following the procedure described by 
Telling et al. 2010. Incubations amended with Na13C-HCO3 (0.27 mM 13C final 
concentration) were done in the same incubation bottles used for O2measurements. 
Incorporation of 14C was measured by counting on a Perking Elmer Tri-Carb 2900 TR 
scintillation counter, whereas the 13C incorporation was analyzed in an Elemental 
Analyzer (Thermo Elemental Analyzer Flash EA 1112 HT) coupled to an Isotope Ratio 
Mass Spectrometer (Delta V; Thermo Scientific). The 13C enrichment in the produced 
organic carbon was calculated as the difference between the amounts of 13C in the sample 
minus the natural 13C abundance measured on blank filters. Decays per minute values 
(14C incubations) and 13C incorporation were converted to 12C uptake values or GCP 
(nmol C L−1 h−1) rates using the formula described in Telling et al. 2010. 
 
 
A.3.3 Rates modeling and upscaling of processes 
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The photosynthesis–irradiance model described by Jassby and Platt, 1976 was 
fitted to the measured GCP (nmol L−1 h−1) rates for both O2 production and C 
assimilation as calculated by equation 1. 
GCP=GCPmax×tanh(α×E/GCPmax),GCP=GCPmax×tanh(α×E/GCPmax)               (1) 
where GCPmax (nmol L−1 h−1) is the maximum gross community production rate, 
reached at saturating irradiances, tan(h) is the hyperbolic tangent, α [(nmol L−1 h−1) 
(µmol photons m−2 s−1)−1] is an index of the photosynthetic efficiency, and E (µmol 
photons m−2 s−1) is the spherical irradiance. 
The obtained parameters were normalized by the chlorophyll concentration and 
used to estimate the in situ O2production and C fixation using the light and chlorophyll 
profiles measured in the SCM by the fluorescence and photosynthetic active radiation 
(PAR) sensors connected to the CTD (ETSP cruise) or the PPS (ETNP cruise). During 
the ETSP cruise off Peru, casts were consistently repeated every 3–4 h, and thus, the light 
profiles from the CTD were used in our calculations. During the ETNP cruise, light 
profiles measured with the PPS during daytime were normalized to the incident 
irradiance at the surface. The light attenuation profiles were assumed to be constant at 
each station, and the incident irradiance was used to calculate the change in light profile 
during the day. The values of incident irradiance were taken from the closest National 
Radiation station located in San Diego (National Solar Radiation Database, National 
Oceanic and Atmospheric Administration, United States). 
A.3.3 Metatranscriptome analysis 
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Community cDNA sequencing was used to characterize microbial gene 
transcription in biomass (retained on 0.22-µm filters) from a subset of AMZ samples at 
the ETNP region off Mexico. These included samples collected during the OMZoMBiE2 
cruise (2014) and a subset of samples previously reported by Padilla et al. 2016. Seawater 
from discrete depths spanning the oxic zone, SCM, lower oxycline, upper AMZ, and 
AMZ core was collected using Niskin bottles or the PPS. The sampling, preservation, 
RNA extraction, and sequencing were done following the procedure described by Padilla 
et al. 2016. Barcoded sequences were demultiplexed, and low-quality reads (Phred score 
< 25) were removed. Paired-end sequences were merged using custom scripts 
incorporating the FASTX toolkit (hannonlab.cshl.edu/fastx_toolkit/index.html) and 
USEARCH algorithm, with criteria of minimum 10% overlap and 95% nucleotide 
identity within the overlapping region. Ribosomal RNA (rRNA) transcripts were 
identified with riboPicker (Schmieder et al., 2012) and removed from the analysis. 
Merged nonrRNA sequences were queried via DIAMOND using sensitive search 
parameters (Buchfink et al., 2015) against the National Center for Biotechnology 
Information (NCBI)-nr database (November 2013). DIAMOND-identified protein-coding 
transcripts were assigned a functional annotation based Kyoto Encyclopedia of Genes 
and Genomes (KEGG) orthology (KO) identifiers (Kanehisa et al., 2000) using 
Metagenome Analyzer 5 (MEGAN5) (Huson et al., 2011), with taxonomic classification 
assigned using the lowest common ancestor (LCA) algorithm in MEGAN5 based on the 
NCBI taxonomy. Counts per KO were normalized to the total number of protein coding 
transcripts classified within bacteria and archaea (i.e., prokaryotes). Transcripts encoding 
LATO and HATO, nxr, and amo (all subunits) were identified by the assigned KO 
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identifiers. NOB abundances were determined by taxonomic LCA assignment according 
to NCBI taxonomy of DIAMOND-identified mRNA transcripts normalized to the total 
number of prokaryotic mRNA sequences. Taxonomic affiliation of both LATO and 
HATO were also assigned according to NCBI taxonomy via the LCA algorithm in 
MEGAN5. 
 
A.4  Results and discussion 
Sampling in both the ETNP and ETSP revealed a typical AMZ O2 distribution in 
the upper 200 m of the water column. Oxygen concentrations in the 0–35 m surface layer 
in the ETNP were stable at 200 µmol kg−1, before declining along a clearly defined 
oxycline from 35–45 to 60–80 m, and then falling below the detection limit of the 
switchable trace amount oxygen (STOX) sensors (few nanometers) at 80–100 m (Figure 
A.1). In the ETSP AMZ off Peru, O2 concentrations and the depth of the oxycline were 
more variable and clearly influenced by proximity to the shore, with anoxic depths 
beginning at ~30 m at the coastal station but at ~70 m for the more oceanic station 
(Figure A.1H). In both the ETNP and ETSP, the chlorophyll concentration below the 
primary maximum decreased in parallel with O2 concentration, reaching a minimum 
before complete O2depletion and then increasing again to form an SCM in which 90% of 
the phototrophs were Prochlorococcus (Figure A.1). Although the upper region of the 
SCM was consistently located near the oxic–anoxic interface, maximum in vivo 
fluorescence and Prochlorococcus abundance were usually localized within the anoxic 
zone a few meters below. Low O2 concentrations (<500 nmol L−1) were occasionally 
 158 
found inside the SCM, suggesting intrusion of overlying oxygenated waters or in situ 


















Figure A.1 Maps with sampled stations and main characteristics of the upper part 
of the (A–F) ETNP AMZ and (G–L) ETSP AMZ. Stations off Mexico (A) and Peru 
(G) where the SCM was found and sampled. (B and H) Dissolved oxygen profiles, based 
on SBE43 and STOX sensors (zooming in at low STOX O2 values in B or corrected SBE 
O2 in H). (C and I) Profiles of chlorophyll concentration inferred from in vivo 
fluorescence. (D and J) Prochlorococcus abundance. (E and K) Total microalgae 
(Prochlorococcus, Synechococcus, and picoeukaryotes) and (F and L) total microbial 
community (Total Microb. com.) abundance measured by flow cytometry.  
  
oxygen cycle has been suggested by biomolecular evidence (12)
but has not yet been demonstrated.
In this study we used a combination of high-resolution oxygen
profiling, metabolic rate measurements, and community mRNA
sequencing to explore the potential for oxygen cycling in the
SCMs of the ETNP off Mexico and the ETSP off Peru. Our
results show that the photosynthetic community of the SCM
produces significant amounts of O2, sufficient to maintain an
aerobic community in an otherwise anoxic environment. Rates of
O2 production and carbon fixation in the SCM in both ETNP
and ETSP AMZs are comparable to previously measured rates
of aerobic processes like nitrite and ammonium oxidation (8, 17),
as well as anaerobic AMZ processes like denitrification, anam-
mox, and sulfate reduction (7, 8). Although the measured met-
abolic rates exhibit large spatial and temporal variability, our
data collectively suggest a significant effect of local photosyn-
thesis on the biogeochemical cycling in Pacific Ocean AMZs.
Results and Discussion
Sampling in both the ETNP and ETSP revealed a typical AMZ
O2 distribution in the upper 200 m of the water column. Oxygen
concentrations in the 0–35 m surface layer in the ETNP were
stable at ∼200 μmol·kg−1, before declining along a clearly defined
oxycline from 35–45 to 60–80 m, and then falling below the de-
tection limit of the switchable trace amount oxygen (STOX)
sensors (few nanometers) at 80–100 m (Fig. 1B). In the ETSP
AMZ off Peru, O2 concentrations and the depth of the oxycline
were more variable and clearly influenced by proximity to the
shore, with anoxic depths beginning at ∼30 m at the coastal
station but at ∼70 m for the more oceanic station (Fig. 1H). In
both the ETNP and ETSP, the chlorophyll concentration below
the primary maximum decreased in parallel with O2 concen-
tration, reaching a minimum before complete O2 depletion and
then increasing again to form an SCM in which 90% of the
phototrophs were Prochlorococcus (Fig. 1 and Table S1). Al-
though the upper region of the SCM was consistently located
near the oxic–anoxic interface, maximum in vivo fluorescence
and Prochlorococcus abundance were usually localized within
the anoxic zone a few meters below. Low O2 concentrations
(<500 nmol·L−1) were occasionally found inside the SCM
(Table S2), suggesting intrusion of overlying oxygenated waters
or in situ O2 production and accumulation.
Oxygenic Photosynthesis and Carbon Fixation in the SCM. Shipboard
experiments using water from the SCM incubated under trace O2
conditions revealed that O2 concentration with time differed
substantially between dark- and light-incubated samples (Fig. 2 A
and D). Net community production (NCP), corresponding to the
slope of the O2 concentration curves and hence the balance
between O2 production and consumption, gradually increased to
more positive values with increasing irradiance. NCP was also
variable between stations, reflecting the spatial and temporal
variability of the metabolic activity in terms of photosynthesis
and respiration rates (Fig. 2 B and E). At several stations, net
consumption of O2 occurred at all applied irradiances, although
a clear decrease in consumption rate was always measured with
increasing light intensities. At other stations, a net increase in O2
was measured when the samples were exposed to an irradi-
ance of only 10 μmol photons·m−2·s−1. The observed maximum
irradiance in situ was, however, only in the range of 2–5 μmol
photons·m−2·s−1 at most stations (see examples in Fig. S1); at
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Fig. 1. Maps with sampled stations and main characteristics of the upper part of the (A–F) ETNP AMZ and (G–L) ETSP AMZ. Stations off Mexico (A) and Peru
(G) where the SCM was found and sampled. (B and H) Dissolved oxygen profiles, based on SBE43 and STOX sensors (zooming in at low STOX O2 values in B or
corrected SBE O2 in H). (C and I) Profiles of chlorophyll concentration inferred from in vivo fluorescence. (D and J) Prochlorococcus abundance. (E and K) Total
microalgae (Prochlorococcus, Synechococcus, and picoeukaryotes) and (F and L) total microbial community (Total Microb. com.) abundance measured by flow
cytometry.
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A.4.1 Oxygenic photosynthesis and carbon fixation in the SCM 
Shipboard experiments using water from the SCM incubated under trace 
O2 conditions revealed that O2 concentration with time differed substantially between 
dark- and light-incubated samples (Figure A.2 A and D). Net community production 
(NCP), corresponding to the slope of the O2 concentration curves and hence the balance 
between O2 production and consumption, gradually increased to more positive values 
with increasing irradiance. NCP was also variable between stations, reflecting the spatial 
and temporal variability of the metabolic activity in terms of photosynthesis and 
respiration rates (Figure A.2 B and E). At several stations, net consumption of 
O2 occurred at all applied irradiances, although a clear decrease in consumption rate was 
always measured with increasing light intensities. At other stations, a net increase in 
O2 was measured when the samples were exposed to an irradiance of only 10 µmol 
photons m−2 s−1. The observed maximum irradiance in situ was, however, only in the 
range of 2–5 µmol photons m−2 s−1 at most stations; at such low light levels, net 








Figure A.2 Oxygen production and carbon fixation during incubations of samples 
from the SCM off Mexico (A - C) and Peru (D - F). A and D, Evolution of O2 
concentration during incubation of SCM samples exposed to a range of scalar irradiances 
(0 – 40 µmol photons m-2s-1). B and E, Net community production (NCP) rates versus 
scalar irradiance. C and F, gross community production (GCP): O2 – GCP was measured 
by the incorporation of 13C (at ETNP) or 14C (ETSP). Data were fitted to a 
photosynthesis-irradiance model to calculate maximum rates (GCPmax) and the initial 
slope of the curve (α), an index of the photosynthetic efficiency at low light (values in the 
main text). Error bars represent the SE.  
  
Tracking O2 consumption during our experiments allowed for
estimates of aerobic respiration rates. O2 consumption curves
were linear down to about 50 nmol·L−1 during dark incubations
(Fig. 2 A a d D). Aerobic respiration by prokaryotes is generally
driven by two classes of terminal oxidases: low-affinity terminal
oxidases (LATO) with a half saturation constant (Km) of about
200 nmol O2·L−1 and high-affinity terminal oxidases (HATO)
with Km values of 3–8 nmol O2·L−1 (18). Marine bacteria pos-
sessing HATO can decrease apparent Km values of aerobic res-
piration down to less tha 10 nmol O2·L−1 (19), and a l near O2
decrease may thus be expected down to about 50 nmol O2·L−1.
Therefore, O2 consumption rates (referred to as respiration for
simplicity) obtained at concentrations >50 nmol·L−1 represent
potential respiration rates (R*) because they were measured
above the threshold of O2 limitation. The estimated R* rates
were significantly higher in the ETSP compared with the ETNP
(Fig. 2 and Table S2), consistent with a higher microbial and
particle abundance measured in the ETSP (Fig. 1 and Tables S1
and S2).
Experiments under the unique, almost anoxic conditions, of
AMZs have not been performed in previous measurements of
photosynthetic activity in the SCM (20). We conducted our ex-
periments at O2 levels below those sporadically detected by in
situ measurements (up to 500 nmol·L−1) but far above the Km
values for HATO. In this range, we can assume that gross
community production of O2 (GCP-O2) can be calculated as the
sum of NCP and R*. We also validated these production calcu-
lations by simultaneously measuring the incorporation of in-
organic carbon (using 13C or 14C) into biomass [gross community
carbon production (GCP-C)], as has been done previously to
quantify Prochlorococcus carbon fixation (20, 21). Both GCP-O2
and GCP-C followed a classical photosynthesis–irradiance curve
(Fig. 2 C and F), with maximum (GCPmax) values above satu-
rating light intensities (Ek) of 10.5 ± 2.0 and 21.4 ± 9.3 μmol
photons·m−2·s−1 (0.5 and 1% of the incident light) for the ETNP
and ETSP, respectively. The low Ek values reflect adaptation to
the dim light environment, being similar to values found for the
SCM community in the Arabian Sea (20) or in Prochlorococcus
cultures (21). Above Ek, mean GCPmax-O2 values in the ETNP
and ETSP were 16.6 ± 9.1 and 52.5 ± 30.4 nmol O2·L−1·h−1,
respectively, and were generally consistent with maximum GCP-C
rates (GCPmax-C: 8.1 ± 11.2 and 44.4 ± 30.3 nmol C·L−1·h−1 in
the ETNP and ETSP, respectively) (mean values of all stations ±
SD in Table S3 and model in Fig. 2 C and F). The parameters
describing the photosynthesis characteristics of the SCM com-
munity (maximum gross production rates, photosynthetic effi-
ciency, and Ek) were similar to the values previously found for
the SCM community of the Arabian Sea and the characterization
of several Prochlorococcus isolates from the Pacific Ocean (20,
21). The values found for the ETNP were similar to those found
for the SCM of the Arabian Sea (20), whereas the ETSP SCM
values were more similar to those from the laboratory cultures.
Alth ugh it is not yet possible to directly quantify in situ O2
transformations in the AMZ, in situ GCP rates can be estimated
based on water column chlorophyll concentrations and light
conditions (Fig. S1). The light intensity at the SCM was variable
and almost always substantially below 10 μmol photons·m−2·s−1.
Under such conditions, O2 production rates are lower than po-
tential respiration rates (R*), and the O2 produced is immedi-
ately consumed by the microbial community, resulting in a
cryptic O2 cycle in the seemingly anoxic environment of the SCM
(Fig. 1). However, at some stations the irradiance in the SCM
was similar or close to the Ek. The occasional detection of low O2
concentrations in the SCM (4, 8) (Table S2) may thus be
explained by photosynthetic activity in the SCM increasing O2
concentrations to measurable levels. Such daily changes are
difficult to measure by discrete sampling, but recurrent mea-
surements in the same water mass might reveal hourly and daily
changes in the SCM.
Oxygen Production Coupling with Aerobic Microbial Processes. Even
if undetectable, O2 production in the SCM may support impor-
tant (micro)aerobic metabolisms. To explore this prediction, we
looked for signatures of such aerobic metabolism in available
metatranscriptomes along the AMZ depth gradient in the ETNP
during two cruises in 2014 and 2013, focusing on station
T6 where the SCM was well developed and for which the met-
atranscriptome dataset was most comprehensive. Transcripts
encoding terminal oxidases, including both LATO and HATO
(Table S4), were detected at all depths (Fig. 3 and Fig. S2), in-
cluding deep within the AMZ, where the transcript pool was
dominated by sequences affiliated with diverse Gammaproteo-
bacteria and Alphaproteobacteria (Fig. S3). The presence of
oxidase transcripts within anoxic marine waters has been reported
previously (13) and may reflect constitutive expression by groups
at high abundance in the AMZ core, potentially to capitalize
quickly on O2 if it becomes available (22). The relative abun-
dance of both LATO and HATO transcripts exhibits a local peak
within the SCM compared with depths immediately above (base
of oxycline) and below the SCM (Fig. 3 and Fig. S2). Similar
trends were observed at stations T4 and T10, although limited
sampling affected our ability to fully resolve oxidase distributions
immediately above the SCM at these sites (Fig. S2). Together,
these data provide evidence of a local peak in O2 scavenging
within the SCM.
Oxygen produced in the SCM may also be consumed through
key steps of the OMZ nitrogen cycle. Comparatively high rates
of autotrophic nitrification (ammonia and nitrite oxidation)
are known to occur close to the oxic–anoxic boundary of AMZs
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Fig. 2. Oxygen production and carbon fixation dur-
ing incubations of samples from the SCM off (A–C)
Mexico and (D–F) Peru. (A and D) Evolution of O2
concentration during incubation of SCM samples ex-
posed to a range of scalar irradiances (0–40 μmol
photons·m−2·s−1). (B and E) Net community production
(NCP) rates versus scalar irradiance. (C and F) Gross
community production (GCP): O2-GCP was measured
as the net O2 production, and C-GCP was measured by
the incorporation of 13C (at ETNP) or 14C (ETSP). Data
were fitted to a photosynthesis–irradiance model to
calculate maximum rates (GCPmax) and the initial slope
of the curve (α), an index of the photosynthetic effi-
ciency at low light (values in the main text). Error bars
represent the SE.















Tracking O2 consumption during our experiments allowed for estimates of aerobic 
respiration rates. O2 consumption curves were linear down to about 50 nmol L−1 during 
dark incubations (Figure A.2 A and D). Aerobic respiration by prokaryotes is generally 
driven by two classes of terminal oxidases: low-affinity terminal oxidases (LATO) with a 
half saturation constant (Km) of about 200 nmol O2 L−1 and high-affinity terminal 
oxidases (HATO) with Km values of 3–8 nmol O2 L−1 (Morris et al., 2013). Marine 
bacteria possessing HATO can decrease apparent Km values of aerobic respiration down 
to less than 10 nmol O2 L−1 (19), and a linear O2 decrease may thus be expected down to 
about 50 nmol O2 L−1. Therefore, O2 consumption rates (referred to as respiration for 
simplicity) obtained at concentrations >50 nmol L−1 represent potential respiration rates 
(R*) because they were measured above the threshold of O2 limitation. The estimated R* 
rates were significantly higher in the ETSP compared with the ETNP (Figure A.2), 
consistent with a higher microbial and particle abundance measured in the ETSP (Figure 
A.1). 
Experiments under the unique, almost anoxic conditions, of AMZs have not been 
performed in previous measurements of photosynthetic activity in the SCM (Johnson et 
al., 1999). We conducted our experiments at O2 levels below those sporadically detected 
by in situ measurements (up to 500 nmol L−1) but far above the Km values for HATO. In 
this range, we can assume that gross community production of O2 (GCP-O2) can be 
calculated as the sum of NCP and R*. We also validated these production calculations by 
simultaneously measuring the incorporation of inorganic carbon (using 13C or 14C) into 
biomass [gross community carbon production (GCP-C)], as has been done previously to 
quantify Prochlorococcus carbon fixation (Johnson et al., 1999; Moore et al., 1999). Both 
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GCP-O2 and GCP-C followed a classical photosynthesis–irradiance curve (Figure 
A.2  C and F), with maximum (GCPmax) values above saturating light intensities (Ek) of 
10.5 ± 2.0 and 21.4 ± 9.3 µmol photons m−2 s−1 (0.5 and 1% of the incident light) for the 
ETNP and ETSP, respectively. The low Ek values reflect adaptation to the dim light 
environment, being similar to values found for the SCM community in the Arabian Sea 
(Johnson et al., 1999) or in Prochlorococcus cultures (Moore et al., 1999). Above Ek, 
mean GCPmax-O2 values in the ETNP and ETSP were 16.6 ± 9.1 and 52.5 ± 30.4 nmol O2 
L−1 h−1, respectively, and were generally consistent with maximum GCP-C rates 
(GCPmax-C: 8.1 ± 11.2 and 44.4 ± 30.3 nmol C L−1 h−1 in the ETNP and ETSP, 
respectively) (mean values of all stations ± SD in Figure 4.2 C and F). The parameters 
describing the photosynthesis characteristics of the SCM community (maximum gross 
production rates, photosynthetic efficiency, and Ek) were similar to the values previously 
found for the SCM community of the Arabian Sea and the characterization of 
several Prochlorococcus isolates from the Pacific Ocean (Johnson et al., 1999; Moore et 
al., 1999). The values found for the ETNP were similar to those found for the SCM of the 
Arabian Sea (Johnson et al., 1999), whereas the ETSP SCM values were more similar to 
those from the laboratory cultures. 
Although it is not yet possible to directly quantify in situ O2 transformations in the 
AMZ, in situ GCP rates can be estimated based on water column chlorophyll 
concentrations and light conditions. The light intensity at the SCM was variable and 
almost always substantially below 10 µmol photons m−2 s−1. Under such conditions, 
O2 production rates are lower than potential respiration rates (R*), and the O2 produced is 
immediately consumed by the microbial community, resulting in a cryptic O2 cycle in the 
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seemingly anoxic environment of the SCM (Figure A.1). However, at some stations the 
irradiance in the SCM was similar or close to the Ek. The occasional detection of low 
O2 concentrations in the SCM (Tiano et al., 204; Ganesh et al., 2015) may thus be 
explained by photosynthetic activity in the SCM increasing O2 concentrations to 
measurable levels. Such daily changes are difficult to measure by discrete sampling, but 
recurrent measurements in the same water mass might reveal hourly and daily changes in 
the SCM. 
 
A.4.2 Oxygenic production coupling with aerobic microbial processes 
Even if undetectable, O2production in the SCM may support important 
(micro)aerobic metabolisms. To explore this prediction, we looked for signatures of such 
aerobic metabolism in available metatranscriptomes along the AMZ depth gradient in the 
ETNP during two cruises in 2014 and 2013, focusing on station T6 where the SCM was 
well developed and for which the metatranscriptome dataset was most comprehensive. 
Transcripts encoding terminal oxidases, including both LATO and HATO, were detected 
at all depths (Figure A.3), including deep within the AMZ, where the transcript pool was 
dominated by sequences affiliated with diverse Gammaproteobacteria and 
Alphaproteobacteria. The presence of oxidase transcripts within anoxic marine waters has 
been reported previously (Kalvelage et al., 2015) and may reflect constitutive expression 
by groups at high abundance in the AMZ core, potentially to capitalize quickly on O2 if it 
becomes available (Tsementzi et al., 2016). The relative abundance of both LATO and 
HATO transcripts exhibits a local peak within the SCM compared with depths 
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immediately above (base of oxycline) and below the SCM (Figure A.3). Similar trends 
were observed at stations T4 and T10, although limited sampling affected our ability to 
fully resolve oxidase distributions immediately above the SCM at these sites. Together, 























Figure A.3 Water column dissolved oxygen (O2), chorophyll concentrations (Chl), 
and microbial transcript abundances at station T6 in the ETNP in 2013 (A-D) and 
2014 (E-H). A and E, O2 based on SBE and STOX sensor measurement and chlorophyll 
inferred from in vivo fluorescence. B and F, abundances of transcripts encoding LATO 
and HATO, amo, and nxr, as a percentage of total prokaryotic mRNA. C and G, 
taxonomic classification of total mRNA affiliated with NOB and (D and H) AOB and 





(AOB) and ammonia oxidizing archaea (AOA), notably those
e coding the ammonia monooxgynease (amo) enzyme catalyzing
aerobic ammonia oxidation, peaked in the upper part of the
oxycline and declined in abundance into the core of the ETNP
AMZ (Fig. 3 and Fig. S2). In contrast, transcripts of nitrite oxi-
dizing bacteri (NOB), primarily those of the marine NOB genus
Nitrospina, spiked within the SCM, coinciding in most cases with a
local enrichment in transcripts encoding nitrite oxidoreductase
(nxr) (Fig. 3 and Fig. S2). A prior study showed that potential
nitrite oxidation rates at station T6 in the ETNP peaked in the
anoxic SCM at 10.8 nmol N·L−1·h−1, a rate approximately double
that of the maximal O2 respiration rate measured in this study
(Table S3). Taking the stoichiometry of nitrite oxidation into ac-
count, we can infer that most of the measured O2 consumption
(R*) could be due to nitrite oxidation. The nitrite oxidation rates
reported at the same stations were measured at low O2 concen-
trations (<80 nmol·L−1), and we assume that the conditions were
similar to our incubations, suggesting that the previous nitrite
oxidation and our present R* rates are directly comparable. The
balance between heterotrophic and nitrite oxidizer O2 consump-
tion may, however, vary as a function of the actual O2 concen-
tration in the 0 to ∼100 nmol·L−1 range that we measured in the
ETNP SCM (Table S2). The cooccurrence of elevated Nitrospina
transcription and nitrite oxidation rates in the SCM suggests that
NOB is fueled by local O2 production.
Implications for Oxygen Minimum Zones. The results of this study
indicate that the SCM is a significant source of O2 for both ni-
trite and organic matter oxidation, as well as a source of fixed
carbon. Total productivity in terms of O2 released and C fixed in
the SCM was calculated by integrating the GCP profiles (Fig. S1)
over a diel cycle, using measured (ETSP) or estimated (ETNP)
scalar irradiance profiles (Fig. S4 and Table 1). Higher chlorophyll
and estimated irradiance values at the SCM in the ETNP off
Mexico resulted in higher mean production rates (0.83/0.39 mmol
O2/C·m−2·d−1) compared with the ETSP off Peru (0.32/0.31 mmol
O2/C·m−2·d−1). Although in situ light attenuation profiles were
used for the ETNP, cloud coverage and other local factors re-
ducing the incident light could not be included in the calculations,
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Fig. 3. Water column dissolved oxygen (O2), chlo-
rophyll concentrations (Chl.), and microbial tran-
script abundances at station T6 in the ETNP in (A–D)
2013 and (E–H) 2014. (A and E) O2 based on SBE and
STOX sensor measurement and chlorophyll inferred
from in vivo fluorescence. (B and F) Abundances of
transcripts encoding LATO and HATO, amo, and nxr,
as a percentage of total prokaryotic mRNA. (C and
G) Taxonomic classification of total mRNA affiliated
with NOB and (D and H) AOB (Nitrosomonas) and
AOA (Thaumarchaeota), as a percentage of total
prokaryotic mRNA.
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Oxygen produced in the SCM may also be consumed through key steps of the 
OMZ nitrogen cycle. Comparatively high rates of autotrophic nitrification (ammonia and 
nitrite oxidation) are known to occur close to the oxic–anoxic boundary of AMZs 
(Dalsgaard et al., 2014). Here transcripts affiliated with ammonia oxidizing bacteria 
(AOB) and ammonia oxidizing archaea (AOA), notably those encoding the ammonia 
monooxgynease (amo) enzyme catalyzing aerobic ammonia oxidation, peaked in the 
upper part of the oxycline and declined in abundance into the core of the ETNP AMZ 
(Figure A.3). In contrast, transcripts of nitrite oxidizing bacteria (NOB), primarily those 
of the marine NOB genus Nitrospina, spiked within the SCM, coinciding in most cases 
with a local enrichment in transcripts encoding nitrite oxidoreductase (nxr) (Figure A.3). 
A prior study showed that potential nitrite oxidation rates at station T6 in the ETNP 
peaked in the anoxic SCM at 10.8 nmol N L−1 h−1, a rate approximately double that of 
the maximal O2 respiration rate measured in this study. Taking the stoichiometry of 
nitrite oxidation into account, we can infer that most of the measured O2 consumption 
(R*) could be due to nitrite oxidation. The nitrite oxidation rates reported at the same 
stations were measured at low O2 concentrations (<80 nmol L−1), and we assume that the 
conditions were similar to our incubations, suggesting that the previous nitrite oxidation 
and our present R* rates are directly comparable. The balance between heterotrophic and 
nitrite oxidizer O2 consumption may, however, vary as a function of the actual 
O2 concentration in the 0 to 100 nmol L−1 range that we measured in the ETNP SCM. 
The co-occurrence of elevated Nitrospina transcription and nitrite oxidation rates in the 
SCM suggests that NOB is fueled by local O2 production. 
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Table A.1 Depth-integrated oxygen production and carbon fixation rates. 
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encoding the ammonia monooxgynease (amo) enzyme catalyzing
aerobic ammonia oxidation, peaked in the upper part of the
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AMZ (Fig. 3 and Fig. S2). In contrast, transcripts of nitrite oxi-
dizing bacteria (NOB), primarily those of the marine NOB genus
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anoxic SCM at 10.8 nmol N·L−1·h−1, a rate approximately double
that of the maximal O2 respiration rate measured in this study
(Table S3). Taking the stoichiometry of nitrite oxidation into ac-
count, we can infer that most of the measured O2 consumption
(R*) could be due to nitrite oxidation. The nitrite oxidation rates
reported at the same stations were measured at low O2 concen-
trations (<80 nmol·L−1), and we assume that the conditions were
similar to our incubations, suggesting that the previous nitrite
oxidation and our present R* rates are directly comparable. The
balance between heterotrophic and nitrite oxidizer O2 consump-
tion may, however, vary as a function of the actual O2 concen-
tration in the 0 to ∼100 nmol·L−1 range that we measured in the
ETNP SCM (Table S2). The cooccurrence of elevated Nitrospina
transcription and nitrite oxidation rates in the SCM suggests that
NOB is fueled by local O2 production.
Implications for Oxygen Minimum Zones. The results of this study
indicate that the SCM is a significant source of O2 for both ni-
trite and organic matter oxidation, as well as a source of fixed
carbon. Total productivity in terms of O2 released and C fixed in
the SCM was calculated by integrating the GCP profiles (Fig. S1)
over a diel cycle, using measured (ETSP) or estimated (ETNP)
scalar irradiance profiles (Fig. S4 and Table 1). Higher chlorophyll
and estimated irradiance values at the SCM in the ETNP off
Mexico resulted in higher mean production rates (0.83/0.39 mmol
O2/C·m−2·d−1) compared with the ETSP off Peru (0.32/0.31 mmol
O2/C·m−2·d−1). Although in situ light attenuation profiles were
used for the ETNP, cloud coverage and other local factors re-
ducing the incident light could not be included in the calculations,






















-0.2 0 0.2 0.4 0.6 0.8



































-0.2 0 0.2 0.4 0.6 0.8




























Fig. 3. Water column dissolved oxygen (O2), chlo-
rophyll concentrations (Chl.), and microbial tran-
script abundances at station T6 in the ETNP in (A–D)
2013 and (E–H) 2014. (A and E) O2 based on SBE and
STOX sensor measurement and chlorophyll inferred
from in vivo fluorescence. (B and F) Abundances of
transcripts encoding LATO and HATO, amo, and nxr,
as a percentage of total prokaryotic mRNA. (C and
G) Taxonomic classification of total mRNA affiliated
with NOB and (D and H) AOB (Nitrosomonas) and
AOA (Thaumarchaeota), as a percentage of total
prokaryotic mRNA.
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A.4.1 Implications for oxygen minimum zones 
The results of this study indicate that the SCM is a significant source of O2 for 
both nitrite and organic matter oxidation, as well as a source of fixed carbon. Total 
productivity in terms of O2 released and C fixed in the SCM was calculated by 
integrating the GCP profiles over a diel cycle, using measured (ETSP) or estimated 
(ETNP) scalar irradiance profiles (Table A.1). Higher chlorophyll and estimated 
irradiance values at the SCM in the ETNP off Mexico resulted in higher mean production 
rates (0.83/0.39 mmol O2/C m−2 d−1) compared with the ETSP off Peru (0.32/0.31 mmol 
O2/C m−2 d−1). Although in situ light attenuation profiles were used for the ETNP, cloud 
coverage and other local factors reducing the incident light could not be included in the 
calculations, and therefore, the production values should be taken as maximum values. 
Productivity was also highly variable among sites (0.43–1.70/0.15–0.95, and 0.03–
0.91/0.02–0.87 mmol O2/C m−2 d−1 for ETNP and ETSP, respectively), reflecting the 
heterogeneous spatial distribution of the SCM (Figure A.1). 
Although primary production in surface waters largely exceeds these values 
(Kalvelage et al., 2015), the vast majority of surface production is remineralized before 
reaching the AMZ core. Indeed, the range of particulate organic carbon supply to the 
AMZ is 0.83–7.81 mmol C m−2 d−1 (Babbin et al., 2014; Devol et al., 2001) in the ETNP 
or 1.52–14.70 mmol C m−2 d−1 in the ETSP (Escribano et al., 2004). This wide range 
highlights the variability in export rates in these regions. Nonetheless, comparing these 
estimations with our data, the carbon production in the SCM could provide 5–47% and 
2–20% of the organic matter supplied to the anoxic waters of the ETNP and ETSP, 
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respectively, where part of it is then mineralized by dissimilatory nitrate reduction to 
nitrite and denitrification (Ganesh et al., 2015; Babbin et al., 2014; Kalvelage et al., 2015; 
Ward, 2013). Nitrate respiration to nitrite appears as the dominant mineralization step in 
the ETNP (Ganesh et al., 2015), and mineralization rates of about 1 mmol C m−2 d−1 can 
be calculated from published data (Canfield et al., 2010; Kalvelage et al., 2013). These 
rates are close to the C fixation rate in the SCM, highlighting the relevance of the SCM in 
OMZ metabolism. 
Global warming is expected to result in shoaling of the OMZ oxycline and overall 
expansion of OMZ volumes (Gilly et al., 2013). Mesoscale physical processes such as 
local upwelling and anticyclonic eddies that shoal the oxic–anoxic boundary have been 
shown to enhance the development of SCMs (Goericke et al., 2000; Cepeda-Morales et 
al., 2009). Oxycline shoaling increases the light intensities in the anoxic cores of the 
AMZs, thereby potentially stimulating the photosynthetic community. The effects of 
these changes on microbial communities and microbial biogeochemical cycling in AMZs 
are difficult to predict, although significant changes in carbon, nitrogen, and sulfur 
cycling are expected (Gilly et al., 2013). Our data show a significant carbon supply to the 
anoxic core of the Pacific AMZs by SCM photosynthetic activity, and it is likely that the 
situation is similar in the Arabian Sea. Although we did not measure nitrogen 
transformation processes, the nitrifying community was also enriched at the SCM, 
potentially reflecting elevated metabolic rates. A shoaling of the AMZ coupled with 
increases in irradiance and SCM photosynthetic activity would increase the carbon and 
daytime oxygen supply to the upper part of the AMZ. Shoaling of the AMZ due to global 
warming could thus lead to more extensive areas with high rates of SCM biological 
 171 
activity, with the diel oxic/anoxic cycles of these SCMs influencing marine productivity 
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APPENDIX B.  
SUPPLEMENTARY DATA FOR CHAPTER 2  
STANDARD FILTRATION PRACTIVES MAY SIGNIFICANTLY 
DISTORT PLANKTONIC MICROBIAL DIVERSITY 
ESTIMATES 
B.1  Supplementary Tables 
Table B.1 Bacterial 16S rRNA gene copies per mL in sample water from 
experiments 1 and 2. Values are averages across all volume replicates, with standard 




Table B.2 Percentages variation (R2) in weighted UniFrac distances explained by 
filtered water volume differences, based on adonis tests in QIIME. All P-values are 
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Table B.3 Abundances of microbial orders in experiment 1, expressed as a percent 





Table C.3. Abundance of microbial orders in experiment 1, expressed as a % of total 16S 
rRNA gene amplicons  













Table B.4 Abundances of microbial orders in experiment 2, expressed as a percent 
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Figure B.1 Total bacterial 16S rRNA gene counts as function of filtered water 
volume. 










Figure C.1 Total b cterial 16S rRNA gene counts as a function of filtered water volume. 
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APPENDIX C.  
SUPPLEMENTARY DATA FOR CHAPTER 3 
 NC10 BACTERIA IN MARINE OXYGEN MINIMUM ZONES 
C.1  Supplementary figures 
 
Figure C.1 Sampling sites in the ETNP and GD OMZs off Mexico and Costa Rica, 
respectively.  ETNP samples for analysis of methane concentrations and biochemical and 
molecular analysis of n-damo bacteria were collected at stations 6, 8, 10, and 11 in May 
2014.  Additional samples used for molecular analysis were collected at stations 6 and 10 
in July 2013.  Stations 3 and 7 are also shown (black circles), as these indicate sites of 
measured anammox and denitrification rates in 2014 (as described in the main text).  All 





Figure C.2 PmoA gene phylogeny. Uncollapsed version of the particulate methane 
monooxygenase subunit A (PmoA) gene phylogeny shown in Figure 2 (main text).  
PmoA sequences (n=53) recovered from the ETNP are highlighted in bold within the 
larger clade of NC10-like sequences from other studies, separated from PmoA of aerobic 
methanotrophic clades and an ammonia monooxygenase (AmoA) outgroup.  
Reconstruction is based on Maximum Likelihood analysis of 88 amino acids using the 
Dayhoff substitution model.  Bootstrap values greater than 70 are shown, along with 
NCBI accession numbers for database sequences. The scale bar represents 50 amino-acid 
changes per 100 amino acids.   
  
Baiyangdian Lake sediment (KC341261)
North Canal sediment (KC341299)
Paddyfield soil (KC341627)
Paddyfield soil (KF547007)
Honghaitan Tidal Land sediment (KC341656)
Paddyfield soil (JN704402)
Lake Constance sediment(HQ906566)
Netherlands ditch sediment (HQ698929)
Netherlands SBR enrichment (JN006731)
Paddyfield soil (KF546848)
Shahe River sediment (KC341496)
Shanqiu Reservoir sediment (KC341666)
Candidatus Methylomirabilis oxyfera (FP565575)
Netherlands WWTP enrichment (JF706197)
West Lake sediment (JX531997)
Chaohu Lake sediment (KC341327)
Wuliangsuhai Lake sediment (KC341561)
Netherlands aquifer enrichment (HQ698937)
Peatland soil (KC341416)
Netherlands WWTP enrichment (JN609384)
ETNP OMZ (3)
Golfo Dulce
South China Sea sediments (KJ023443)
ML126 uncultured bacterium (ACD68293)
Uncultured ha bacterium CCRd316 (ACD68273)
Uncultured haw bact CCRd431 (ACD68281)
Methylocaldum sp T025 (BAF49660)
Methylocaldum szegediense (AAC04381)
Methylosinus trichosporium SM6 (CAD66447)
Methylocystis sp SC2 pmoA2 (CAE48352)
Methylosinus trichosporium KS21 (CAD24094)
Methylocapsa acidiphila (CAJ01617)
Methylosinus sporium (AJ459018)
Methylosinus trichosporium KS21 (CAD24093)
Methylosinus trichosporium OB3b (AAA87220)
Methylosinus trichosporium SM6 (CAD30381)
Methylomicrobium japanese (BAE86885)
Methylomicrobium album BG8 pmo1 (AAA87217)
Methylomonas sp LW13 pmoA1 (AAF08214)
Methylomonas methanica S1 pmoA1 (ACE95894)
Methylomicrobium album BG8 pmo2 (ACE95888)
Methylobacter marinus pmoA2 (ACE95886)
Methylomonas sp LW13 pmoA2 (ACE95890)
Methylomonas methanica S1 pmoA2 (ACE95893)
Nitrosomonas eutropha C91 (ABI60300)
Nitrosospira sp NpAV pmoA1 (AAB86881)





















Figure C.3 Abundance of rRNA transcripts matching NC10 bacteria.  Abundances 
are expressed as a percentage of total rRNA transcripts recovered in OMZ 
metatranscriptomes, with classification based on open reference picking of rRNA 
fragments (identified using riboPicker) against the comprehensive non-redundant rRNA 




Figure C.4 Transcription of n-damo genes in the ETNP (a,b) and GD (c,d) identified 
by LCA analysis in MEGAN5. a,c Abundances of transcripts assigned to Phylum NC10 
using lowest common ancestor binning of BLASTX results in MEGAN5, as a % of the 
total number of MEGAN5-classified mRNA transcripts in each sample.  b,d % 
abundances of NC10-like transcripts matching genes of the proposed pathway for 
denitrification-dependent AOM (diagram modified from Wu et al., 2011; Wu et al., 
2012).  Data in c and d were binned over all samples shown in a and c, respectively, with 
abundance colored as a percentage of the total mRNA transcripts assigned to NC10 in 
MEGAN.  nar = nitrate reductase, nir = nitrite reductase, nor = nitric oxide reductase, 
mdh = methanol dehydrogenase, pmo = particulate methane monooxygenase, bc1 = 
cytochrome bc1 complex, ndh = NAD(P)H dehydrogenase complex, Q = coenzyme Q, 
hao = hydroxylamine oxidoreductase.  Light gray shows potential non-specific oxidation 
of ammonium by pMMO, followed by detoxification of hydroxylamine to nitrite by hao.  




Figure C.5 Phylogeny and motif structure of NC10-like qNor transcripts in the 
ETNP OMZ. a, Molecular Phylogenetic analysis by Maximum Likelihood method, with 
putative nitric oxide dismutases (NODs) shown in red, including the two full length 
sequences (labeled ETNP) assembled from NC10-like transcript fragments.  The 
sequences used for assembly were those with top matches (bit score > 50) to ‘M. oxyfera’ 
via BLASTX against the NCBI nr database.  Canonical qNOR sequences are those used 
in Ettwig et al.12  The evolutionary history was inferred by using the Maximum 
Likelihood method based on the Le and Gascuel_2008 model. The tree is drawn to scale, 
with branch lengths measured in the number of substitutions per site. Evolutionary 
analyses were conducted in MEGA651. b,c Alignment of the qNor quinol binding (b) and 
catalytic (c) sites showing putative NOD (dashed boxes) compared to canonical qNor 




Figure C.6 Methanogen abundance in the ETNP OMZ. a-c, Percentage abundance of 
sequences affiliated with methanogenic Euryarchaeota in 16S rRNA gene amplicon (a), 
community rRNA transcript (b), and community mRNA transcript (c) datasets. The vast 
majority (>95%) of all methanogen 16S rRNA genes affiliated with the Class 
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APPENDIX D. 
 SUPPLEMENTAL DATA FOR CHAPTER 4 
METAGENOMIC BINNING RECOVERS A 
TRANSCRIPTIONALLY ACTIVE GAMMAPROTEOBACTRIUM 
LINKING METHANOTROPHY TO PARTIAL 
DENITRIFICATION IN AN ANOXIC OXYGEN MINIMUM 
ZONE  
 
D.1  Supplemental figures 
 
Figure D.1 Sample site (star) in Golfo Dulce, Costa Rica.  
  








Figure D.2 Gene organization of bin 010 (GD_7). Contigs displayed contain genes 
encoding nitrate (nar) and nitrite (nir) reductases subunits, and particulate methane 
monooxygenase (pmo) subunits. The program Prodigal was used to predict open reading 
frames (ORFs), with predicted ORFs then queried bia BLASTP against the NCBI-nr 
database (April 2016). Top BLASTP mataches and their associated taxonomic affiliation 
are shown. Colors represent taxonomic affiliation, with orange denoting 
gammaproteobacterial methanotrophs and blue denoting other taxa.  
  
Supplementary Figure 2.  Gene organization on bin 010 (GD_7) contigs containing genes 
encoding nitrate (nar) and nitrite (nir) reductase subunits, and particulate methane monooxygenase 
(pmo) subunits. The program Prodigal was used to predict open reading frames (ORFs), with 
predicted ORFs then queried via BLASTP against the NCBI-nr database (April 2016).  Top 
BLASTP matches and their associated taxonomic affiliation are shown. Colors represent taxonomic 
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Figure D.3 Transcription of partial denitrification, methane oxidation, RuMP, and 
partial serine pathways in the GD_7 bin. This figure is based on pathways validated in 
other methanotrophs and provides a model for suspected metabolic transformations in 
GD_7. Transcripts originate from the 90 m sample from which rRNA was removed prior 
to sequencing. Recruitment of transcripts to the bin is based on BLASTX with the 
following criteria: bit score ≥ 50, amino acid ID ≥ 90%, alignment length ≥ 60% of the 
gene. Arrow color denotes presence or absence of a GD_7 gene in the metatranscriptome. 
Inferred reactions (dashed lines) are included to complete the cycles. All genes were 
assigned via MEGAN based on the KEGG database. Gene abbreviations (red): 6pgdh - 6-
phosphogluconate dehydrogenase, eno – enolase, fba - fructose bisphosphate aldolase, 
fch - methenyl-H4F cyclohydrolase, fdh – formate dehydrogenase, ftfL - formyl-H4F 
ligase, g6pdh - glucose-6-phosphate dehydrogenase, gck - glycerate kinase, glyA – serine 
hydroxymethltransferase, gpi - glucose-6-phosphate isomerase, H4MPT-P - methylene 
tetrahydromethanopterin pathway, hpi - 6-phospho-3-hexuloisomerase, hpr – 
hydroxypyruvate reductase, hps - 3-hexulose-6-phosphate synthetase, mcl– malyl-
CoA/methyl malyl-CoA lyase, mdh – malate dehydrogenase, mtdA- methylene-
H4/methylene-H4MPT dehydrogenase, mtk– malate thiokinase, nar – nitrate reductase, 
nir – nitrite reductase, pfk – phosphofructokinase, pmo – particulate methane 
monooxygenase, ppc - phosphoenolpyruvate carboxylase, sga - serine-glyoxylate 
aminotransferase, xoxF – methanol dehydrogenase.  
  
Supplementary Figure 3. Transcription of partial denitrification, methane oxidation, RuMP, and 
partial serine pathways in the GD_7 bin. This figure is based on pathways validated in other 
methanotrophs and provides a model for suspected metabolic transformations in GD_7. Transcripts 
originate from the 90 m sample from which rRNA was removed prior to sequencing. Recruitment 
of transcripts to the bin is based on BLASTX with the following criteria: bit score ≥ 50, amino acid 
ID ≥ 90%, alignment length ≥ 60% of the gene. Arrow color denotes presence or absence of a GD_7 
gene in the metatranscriptome. Inferred reactions (dashed lines) are included to complete the cycles. 
All genes were assigned via MEGAN based on the KEGG database. Gene abbreviations (red): 
6pgdh - 6-phosphogluconate dehydrogenase, eno – enolase, fba - fructose bisphosphate aldolase, fch 
- methenyl-H4F cyclohydrolase, fdh – formate dehydrogenase, ftfL - formyl-H4F ligase, g6pdh - 
glucose-6-phosphate dehydrogenase, gck - glycerate kinase, glyA – serine hydroxymethltransferase, 
gpi - glucose-6-phosphate isomerase, H4MPT-P - methylene tetrahydromethanopterin pathway, hpi 
-  6-phospho-3-hexuloisomerase, hpr – hydroxypyruvate reductase, hps - 3-hexulose-6-phosphate 
synthetase, mcl– malyl-CoA/methyl malyl-CoA lyase, mdh – malate dehydrogenase, mtdA- 
methylene-H4/methylene-H4MPT dehydrogenase, mtk– malate thiokinase, nar – nitrate reductase, 
nir – nitrite reductase, pfk – phosphofructokinase, pmo – particulate methane monooxygenase, ppc - 
phosphoenolpyruvate carboxylase, sga - serine-glyoxylate aminotransferase, xoxF – methanol 
dehydrogenase.  Numbers in parentheses correspond to the open reading frames listed in 















































































Figure D.4 Recruitment of transcriptome to the GD_7 bin. Samples are color-coded. 
Recruitment is based on BLASTX with the folloing criteria: bit score ≥ 50, amino acid ID 
≥ 90%, alignment length ≥ 60% of the gene.  
  
Supplementary Figure 4. Recruitment of transcriptome sequences to the GD_7 genome bin.  
Samples are color-coded.  Recruitment is based on BLASTX with the following criteria: bit score ≥ 




























Figure D.5 Rank abundance plot of the top transcribed GD_7 open reading frames 
(ORFs) represented in the 90 m metatranscriptome. ORF numbers correspond to 
those listed in Supplementary Table 4. KEGG Orthology (KO) numbers and annotations 
are displayed for each ORF. Transcript mapping to GD_7 is based on BLASTX with the 




Supplementary Figure 5.  Rank abundance plot of the top transcribed GD_7 open reading frames 
(ORFs) represented in the 90 m metatranscriptome. ORF numbers correspond to those listed in 
Supplementary Table 4.  KEGG Orthology (KO) numbers and annotations are displayed for each 
ORF.  Transcript mapping to GD_7 is based on BLASTX with the following criteria: bit score ≥ 50, 
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O
RF# - 1964;  K00162 - pyruvate dehydrogenase E1 com
ponent subunit beta 
O
RF# - 1532;  K06204 - DnaK suppressor protein
O
RF# - 744;    K01624 - fructose-bisphosphate aldolase, class II 
O
RF# - 648;    K05896 - segregation and condensation protein A
O
RF# - 552;    K03088 - RNA polym
erase sigm
a-70 factor, ECF subfam
ily
O
RF# - 1237;  K09118 - uncharacterized protein
O
RF# - 1041;  K14028 - m
ethanol dehydrogenase (cytochrom
e c) subunit 1 
O
RF# - 984;    K02358 - elongation factor Tu
O












RF# - 1392;  K03786 - 3-dehydroquinate dehydratase II 
O
RF# - 1553;  K01720 - 2-m
ethylcitrate dehydratase 
O
RF# - 803;    K02871 - large subunit ribosom
al protein L13
O
RF# - 1552;  K13821 - proline dehydrogenase
O

















RF# - 182;    K03628 - transcription term
ination factor Rho
O









RF# - 1623;  K00111 - glycerol-3-phosphate dehydrogenase 
O
RF# - 159;    K01523 - phosphoribosyl-ATP pyrophosphohydrolase 
O



















RF# - 1887;  K00627 - pyruvate dehydrogenase E2 com
ponent
O
RF# - 1413;  K00370 - nitrate reductase 1, alpha subunit 
O




RF# - 76;      K07040 - uncharacterized protein
O




RF# - 866;    K09892 - zapB; cell division protein ZapB
O












RF# - 1291;  K03711 - fur; Fur fam
ily transcriptional regulator, ferric uptake regulator
O
RF# - 1523;  K02112 - F-type H+-transporting ATPase subunit beta 
O




RF# - 749;    K08093 - 3-hexulose-6-phospjate synthase
O














Figure D.6 Taxonomic classification and abundance of Methylococcales mRNA. 
Values reflect transcripts assigned to the Methylococcales using the LCA algorithm in 
MEGAN5. The input sequences for MEGAN5 analysis were those identified via 
DIAMOND queries against the NCBI-nr database. Abundance is shown as a percentage 
of all prokaryotic (Bacteria + Archaea) mRNA reads in each sample. The 90 m* sample 
reflects the dataset generated after rRNA removal using the Ribo-ZeroTM rRNA 
Removal Kit for bacteria (Epicentre).  
  
Supplementary Figure 6. Taxonomic classification and abundance of Methylococcales mRNA.  
Values reflect transcripts assigned to the Methylococcales using the LCA algorithm in MEGAN5.  
The input sequences for MEGAN5 analysis were those identified via DIAMOND queries against 
the NCBI-nr database.  Abundance is shown as a percentage of all prokaryotic (Bacteria + Archaea) 
mRNA reads in each sample.  The 90 m* sample reflects the dataset generated after rRNA removal 




















































ATTEMPTS AT ENRICHING DENITRIFICATION-DEPENDENT 
METHANOTROPHS FROM THE EASTERN TROPICAL NORTH PACIFIC 
 
E.1 Introduction 
To date there are no cultured representatives of oceanic methanotrophs from the 
water column.  This is an important knowledge gap in understanding how these pelagic 
methanotrophs function.  As such, the full extent of their metabolic and genomic 
potential remains unknown.  Most of the cultured methanotrophs have been isolated from 
sediments or from aquifer sludge.  Marine oxygen minimum zones (OMZs) offer a 
unique niche for denitrification-methanotrophic bacteria.  OMZs are replete in both CH4 
and NO2- which are crucial substrates for NC10 N-DAMO and the aerobic 
methanotrophy supported by partial denitrification processes.  Indeed, organisms utilizing 
both metabolic strategies are enriched in the anoxic core of OMZs (Chapters III and IV).  
OMZs could be a potential site from which to enrich and subsequently isolate 
these pelagic microbes due the elevated abundance of denitrification-dependent 
methanotrophs in these systems.  We attempted to enrich denitrification-dependent 
methanotrophs from the Eastern Tropical North Pacific (ETNP) in May of 2014.  We 
used a combination of chemical measurements and 16S rRNA sequencing to determine 




E.2.1 Water collection and enrichment set up 
Seawater was collected from the ETNP in May 2014 at two stations, station 6 (18 
54.0° N, 104 54.0° W) and station 8 (18 12.0° N, 104 54.0° W).  A CTD rosette was used 
to collect seawater from the OMZ core, 300 m, where O2 concentrations were below the 
detection limit of STOX sensors (~20 nM).  The Niskin bottles were drained into 20 L 
polycarbonate containers and brought to a cold room (~10° C).  Enrichments were set up 
into two main treatments: whole seawater (WSW) and concentrated cells (CC).  In 
addition, 2L of seawater was filtered onto a 0.2 µm Sterivex filter, preserved in lysis 
buffer, and stored at -20° C to serve as a sample of the initial community.  
For the WSW enrichments, 100 mL was pipetted directly into a 180 mL 
autoclaved serum vial.  To prepare CC enrichments, 2 L of seawater was pumped using a 
peristaltic pump through a 47 mm diameter, 0.2 µm Isopore filter to collect suspended 
biomass.  The filters were then placed in a 50 mL falcon tube containing 25 mL of 
filtered seawater. The collected cells were re-suspended by vortexing the filters with 25 
mL of filtered seawater.  The 25 mL cell slurry was pipetted into a 180 mL autoclaved 
serum vial. The final volume was brought to 100 mL using ambient seawater. Serum 
vials were immediately sealed with 20 mm red butyl stoppers (that had been boiled three 
times in a 10 mM NaOH solution) to minimize O2 contamination. 
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Enrichments were amended with NO2- or NO3- treatments. The stoppers were briefly 
removed in order to add NO2- or NO3- in the following treatments: ambient conditions (no 
N addition), 10 µM, 100 µM, and 1000 µM of added substrate (NO2- or NO3-).  The 
enrichments were also given separate headspace treatments, half with dinitrogen gas (N2), 
the other half with CH4. The headspace was achieved by bubbling gas directly into the 
enrichment media for 10 min using a cannula.  The stopper was replaced as the cannula 
was being removed.  The serum vials were then capped with 20 mm aluminum crimp 
tops. The treatment setup can be viewed in Table 1.  
The enrichment samples were stored at 10° C for the duration of the 
oceanographic cruise.  Upon reaching the lab the samples were incubated at 4° C.  
Enrichments were sampled on three separate occasions starting on October 4, 2014, then 










Table E.1. Enrichment treatment conditions.  Whole seawater (WSW) and 
concentrated cells (CC) had both nitrogen (N2) and methane (CH4) headspace treatments.  




Tables and Figures 
 
Table 1. Enrichment treatment conditions.  Whole seawater (WSW) and concentrated 
cells (CC) had both nitrogen (N2) and methane (CH4) headspace treatments.  Nitrate and 
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collected Day # 
Volume 
(mLs) 
18 NO2- CH4 1 10/4/14 1 9.8 
18 NO2- CH4 2 10/18/14 12 9.9 
18 NO2- CH4 3 11/5/14 30 10.25 
22 NO3- CH4 1 10/4/14 1 10.1 
22 NO3- CH4 2 10/18/14 12 9.9 
22 NO3- CH4 3 11/5/14 30 10.3 
26 NO2- N2 1 10/4/14 1 10 
26 NO2- N2 2 10/18/14 12 10.3 
26 NO2- N2 3 11/5/14 30 10.1 
29 NO3- N2 1 10/4/14 1 10 
29 NO3- N2 2 10/18/14 12 10 





E.2.2 Nitrate and nitrite measurement 
All sampling occurred in an anaerobic chamber. Post sampling, the headspaces in 
all vials were flushed with 3x headspace volume with the corresponding gas. NO2- 
concentrations were obtained via NED colorimetric method. NO3- concentrations were 
measured utilizing vanadium (III) chloride reduction followed by a NED colorimetric 
measurement. 
 
E.2.3 16S amplicon sequencing and analysis 
Enrichments were sampled for nucleic acids at the same time as the NO2- and 
NO3- measurements.  Roughly 10 mL of enrichment media was vacuum-filtered through 
a 0.2 µm, 25mm disc filter, preserved in lysis buffer, and frozen at -20° C.  Samples were 
selected for DNA extraction and 16S rRNA gene amplicon sequencing based on NO2- 
and NO3- drawdown observed over the 1-month incubation period.  The highest 
drawdown was observed in CC samples that were supplemented with 10 µM NO2- and 
NO3- (Table 2). DNA was extracted using a phenol:chloroform protocol. Cells were lysed 
by adding lysozyme (2 mg in 40 µl of lysis buffer per filter) directly to the filter and 
incubating for 45 min at 37°C. Proteinase K (1 mg in 100 µl lysis buffer, with 100 µl 
20% SDS) was added, and incubated for 2 h at 55°C. The lysate was removed, and DNA 
was extracted once with Phenol:Chloroform:Isoamyl Alcohol (25:24:1) and once with 
Chloroform:Isoamyl Alcohol (24:1) and then concentrated by spin dialysis using Ultra-4 
(100 kDa, Amicon) centrifugal filters. 
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High-throughput sequencing of dual-indexed PCR amplicons encompassing the 
V4 region of the 16S rRNA gene was used to assess microbial community composition as 
in Chapters 2,3, and 4.  Amplicons were analyzed using QIIME following standard 
protocols. Barcoded sequences were de-multiplexed and trimmed (length cutoff 100 bp) 
and filtered to remove low quality reads (average Phred score <25) as in Chapters 2, and 
3.  Operational Taxonomic Units (OTUs) at 97% sequence similarity were generated by 
using the open-reference picking with the UCLUST algorithm in QIIME.  Taxonomy was 
assigned to representative OTUs from each cluster using the Greengenes database.  OTU 
counts were rarefied (10 iterations) to a uniform sequence depth (70,000 sequences). 
Taxon (Family level) abundances were used to assess changes in taxa over time.  
Families with abundance >1%, averaged across all samples, were used to track these 
differences over time.  
OTUs affiliated with methanotrophs and methylotrophs were chosen for 
phylogenetic analysis. Taxonomic classification of these OTUs was confirmed by 
BLASTN against the NCBI-nr database. The top 10 OTUs (>50 counts, averaged across 
all samples) were then used for phylogenetic analysis.  Reference sequences for the 
phylogeny were collected by using the top sequence match from the RDP and the top 
BLASTN hit against NCBI for each OTU.  All sequences (enrichment OTUs, RDP 
matches, and top BLASTN hits) were aligned using MUSCLE.  A model test selected the 
Kimura-2 model based on the resulting alignment.  A maximum likelihood tree was 
generated in MEGA7 using the Kimura-2 model and iterated 1000 times.  The resulting 
phylogeny was visualized and edited with FigTree.  
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E.3 Results  
Enrichment samples that showed the strongest NO2- and NO3- drawdown were the 
10 µM additions with CH4 gas collected from station 6 (Table 2).  For comparison the 
negative controls (N2 gas headspace) were sequenced as well.  In all, 12 samples were 
sequenced for 16S rRNA. At the Family level there were clear shifts in taxonomic 
composition, particularly between the sample at day 1 compared to the day 12 and 30 
samples (Figure 1). 
Screening of OTUs revealed 10 sequences that made up the majority of 
methanotrophic and methylotrophic diversity (Figure 2).  Sequences affiliated with 
Methylophaga and closely related Gammaproteobacteria made up 5 of the 10 OTUs.  A 
single OTU from the Methylococcales Order was detected and clustered closest to an 
uncultured Methylomicrobium recovered from hot spring sediments.  The rest of the 
OTUs clustered with the Alphaproteobacterial methanotrophs.  Three OTUs were 
particularly abundant in the enrichment samples, consisting of up to ~25% of the total 
16S rRNA gene sequences recovered. These abundant methano/methylo OTUs were 
OTU6750 from the Thiotrichales Order, OTU10637 related to Methylophaga sp. 










Figure E.1. Taxon abundance at the Family level presented as a proportion of total 
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Figure E.2. Methanotroph and methylotroph OTUs and N dynamics in CC - 10 µM 
enrichments.  (A) Maximum likelihood 16S rRNA gene phylogeny of the top 10 
methanotrophic and methylotrophic OTUs, using the Kimura-2 model iterated 1000 
times. Scale bar represents nucleic acid substitutions per site.  (B) OTU abundance 
presented as a proportion of total 16S sequences.  Colors match nodes in A.  (C) Nitrite 
(blue) and nitrate (red) concentrations taken at the time of DNA sampling.  Values were 
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Uncultured Methylobacter sp. clone wetland soil (JQ038192)
8201
Methylophilaceae bacterium NB0048 (KP770066)
dibenzofuran-degrading bacterium (AB086228)
Methylophilales bacterium MBRSF5 (CP011001)
Heterotrophic extracellular symbiont Seamount (AB679348)
Uncultured marine bacterium Costal California WC (KX936447)
Uncultured bacterium Sponge reactor (LC140588)
14221
Uncultured OM43 bacterium Costal California WC (KX371519)
9658
Uncultured Thiotrichales bacterium marine sediment (HE803973)
Methylacidimicrobium fagopyrum (KM210553)
Cycloclasticus zancles 7-ME (CP005996)
marine bacterium HIMB624 (EU433381)
13148
Methylophaga sp. DG1507 (KC295387)
312
Uncultured bacterium GoM sediment (KX173067)







Cycloclasticus pugetii PS-1 (L34955)
Methylophaga sp. DMS002 (DQ660912)
Methylophilaceae bacterium NB0093 (KP770104)
Methylophaga marina DSM 5989 (X95459)
Ca. Methylomirabilis oxyfera (FP565575)
Uncultured marine bacterium Costal California WC (KX936444)




















































In these samples, CH4 treatments displayed a largest drawdown of NO2- and NO3- 
than their corresponding N2 controls (Figure 2C).  The CH4 enrichments displayed 
differences in methano/methylotroph diversity (Figure 2B).  At the start of the incubation 
OTU6750 (Thiotrichales) was the most dominant OTU in all enrichments.  In the CH4 
treatments OTU10637 and OTU9658 were both enriched, while in the N2 treatments 
OTU9658 exhibited a pronounced increase in abundance (Figure 2B).  It appears that the 
CH4 treatment enriched for the Methylophaga-like OTU compared to the N2 control.  
 
E.4 Discussion 
It appears N-DAMO processes affiliated with NC10 bacteria were not enriched by 
this technique.  NC10-like 16S rRNA gene sequences were not recovered using this 
method.  However this is not surprising, as the 16S amplicon analysis described in 
Chapter 3 did not detect any NC10 16S amplicons.  Aerobic methanotrophs affiliated 
with the Methylophilaceae Family and methylotrophs from the Methylophaga genus were 
enriched during this experiment.  These OTUs were either not present or a very low 
abundance at the beginning of the incubation but were enriched to up to 20% of the 
amplicons over the course of the incubations.  The presence and enrichment of these 
OTUs may indicate an active CH4 cycle in the samples.  There is no clear indication as to 
what may be the mechanism for NO2- or NO3- drawdown based on these OTUs.  This, 
however, does not rule out denitrification. As seen in Chapter 4, methanotrophs classified 
as aerobic Methylococcales encoded and transcribed a partial denitrification pathway.  
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This would have been overlooked as a route of denitrification if the analysis had just 
depended on 16S rRNA amplicon sequencing.  
We cannot rule out the potential that O2 contaminated the enrichments.  The 
method used to collect the seawater and concentrate cells was not done in an anaerobic 
chamber.  Moreover, the water samples had significant contact with the atmosphere 
during the enrichment set up.  This work could probably benefit from a sample collection 
method that focuses on preserving the anoxic conditions in the OMZ.  The stopper 
material may also play a key role in either O2 permeability or microbial selection.  It has 
been shown that stoppers can play a key role in these types of enrichments.  With this 
experimental setup and analyses, we cannot rule out either O2 or stoppers as a key driver 
of the OTU enrichment observed here.  
Attempts to enrich OMZ taxa and methanotrophs using a variety of methods should 
remain a key goal of future work.  Different methods such as dilution to extinction 
experiments, preserving cells in glycerol, or a modified version of the method presented 
here may provide more robust results.  
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